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ABSTRACT
Tornadoes are violent natural hazards that could caused significant property loss 
and fatalities. Statistical data indicates that most fatalities during tornado incidents were 
caused by the building failure under tornadoes. For example, in the 2011 Joplin Tornado, 
161 people were killed, and 84 percent of the fatalities were related to the failure of 
buildings. In addition, most of the significant, tornado-induced property loss and fatalities 
are relevant to the tornadoes passing through the densely populated regions. Besides 
buildings, bridges were also severely damaged or destroyed by tornadoes in the United 
States. To reduce the tornado-induced loss, it is imperative to properly determine the 
tornado-induced wind effects on buildings and bridges and modify the wind pressure 
equations in the current design codes (ASCE7-16 for buildings and AASHTO for 
bridges). To achieve this objective, in this study, Computational Fluid Dynamic (CFD) 
simulations are employed to systematically investigate the wind effects on buildings and 
bridges induced by tornadic winds and their equivalent straight-line winds. First, tornado- 
induced wind effects on the single building and the building of interest located in a 
community are investigated and compared. Then, the wind effects on the building of 
interest caused by tornadic winds and their equivalent straight-line winds are extracted 
and compared. Next, the comparison of wind effects on bridges under tornadic winds and 
their equivalent straight-line winds are investigated. Finally, by comparing the wind 
effects on buildings, the current wind pressure equations in ASCE7-16 are properly 
modified to facilitate the tornado-resistant design for buildings. The same procedure is 
applied to modify the wind pressure equations in AASHTO for bridges.
v
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Tornado is a type of non-synoptic wind event that is declared to be one of the 
most severe natural disasters and strikes the United States frequently. Based on the 
Annual Severe Weather Report Summary 2020, there are at least 1,022 tornadoes 
worldwide and 89 tornado-related deaths while 78 deaths were in the United States in 
2020 only. It is the deadliest year resulting from tornadoes in the United States since 
2011.
In the past years, the intensive outbreak of tornadoes in populated areas has also 
caused significant property damage, injury and loss of life. On March 18, 1925, the Tri­
State tornado, which is the deadliest in the United States, caused at least 695 people to 
death (Burgess, 2006). On May 3, 1999, the Oklahoma tornado with the highest 
recording wind speed of 302 ± 22 mph (486 ± 35 km/h), led to $1.5 billion in economic 
damage and killed 36 people in total (Brooks, 2002). On May 22, 2011, the Joplin 
tornado, which is ranked as the costliest single tornado in the United States history, killed 
162 people and the total amount of damage was 2.8 billion (Paul, 2012). Besides, thirteen 
bridges were destroyed or severely damaged by tornadoes in the USA in the past, such as 
the Tacoma Narrow in 1940, the Elrod Bridge disaster in 1995 and the most influential 
collapse of Kinzua Bridge in 2003.
For buildings, no matter whether it is residential or commercial, the idea of 
implementing a tornado-resistant design has been widely accepted. Although ASCE 7-16 
does provide guidance for designing tornadic wind loads in its commentary, some
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coefficients in the equation to calculate the wind pressure induced by tornadoes are based 
on improper simplification or assumptions. In the next version of ASCE 7 (ASCE7- 22), 
a new chapter, which is chapter 32, will be added to provide the specification of a tornado 
resistant design for buildings. For bridges, the wind design is governed by AASHTO, 
Section 3.8 Wind load, which is based on straight-line winds. Due to the limited 
understanding of tornado-structure interaction, which resulted from a lack of field 
pressure/velocity measurements and the related research. More investigations about 
tornado-induced effects on structures are necessary to assess the newly proposed 
provisions and make contributions to updating the provisions.
In this study, the civil structures of interest investigated are gable-roofed 
buildings, a girder bridge, and a cable-stayed bridge. The gable-roofed building is 
considered here because this type of building is usually built as residential houses or 
factory. The girder bridge is considered here because it is a newly designed bridge on 
Highway 32 over Cedar Creek west of Stockton in Missouri, which will replace the 
existing bridge. The cable-stayed bridge is considered here because this type of bridge is 
usually built as a long-span bridge which is more sensitive to wind excitations due to its 
great length-width ratio. The safety of these civil structures is paramount in daily life. 
Failure of these civil structures may cause huge property loss and fatalities. Therefore, it 
is imperative to investigate the tornado-induced effects acting on these civil structures 
and figure out appropriate wind design codes for them, to facilitate the tornado-resistant 
design of these civil structures.
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1.2. OBJECTIVE AND SCOPE OF WORK
Although the tornado-induced effects on civil structures have been widely studied 
(Jischke, 1983; Diamond, 1984; Wurman, 2007; Kareem, 2008; Rajasekharan, 2013), the 
previous researches are mainly focused on the civil structure of interest in the 
computational domain, ignoring the tornado-structure interaction. In addition, seldom has 
the previous research compared the wind effects acting on the civil structure caused by 
the tornadic winds and their equivalent straight-line winds. To bridge these research gaps, 
one of the research objectives of this study is to investigate the wind effects on the 
buildings by considering the influence of the surrounding buildings on the wind field.
One of the objectives in this research is to compare the wind effects acting on the civil 
structures caused by the tornadic winds and their equivalent straight-line winds, and 
identify the differences in the wind effects on structures between the two types of winds, 
then find the relationship between them, which will be used to modify the pressure 
calculation equation in ASCE7-16 and AASHTO. This is to facilitate the tornado- 
resistant design for buildings and bridges.
To achieve the proposed research objective, the following research tasks have 
been planned:
1) Task 1: Investigate the tornadic wind effects on a gable-roofed building. CFD 
(Computational Fluid Dynamics) simulation is used to simulate the real-world F4 
tornado, the Spencer, SD tornado of 30 May 1998, at full-scale, and a single gable-roofed 
building is included in this computational domain in order to systematically investigate 
the tornado-induced wind effects on the gable-roofed building. To simulate the tornado 
translation, a relative motion is established, that is to say, the computational domain and
the tornadic wind flow do not move and the gable-roofed building on the ground surface 
moves at the same speed as the tornado translating speed, but in the opposite direction.
To achieve this, the layering dynamic mesh technique is adopted. The wind pressure 
acting on the structural surface, and force coefficients and moment coefficients acting on 
the entire structure would be obtained and analyzed.
2) Task 2: Explore the tornado-structure interactions and determine tornadic wind 
effects on the building when it is surrounded by other buildings. In this task, the tornado­
building interactions will be investigated by not only including a gable-roofed building of 
interest in the computational domain, but also including its surrounding buildings. This 
way, the influence of a community of buildings on tornadic wind fields could be 
considered. Two representative community cases are studied, which include 25 and 49 
buildings in the domain, respectively. The layering dynamic mesh technique is applied to 
make the community of buildings move through the tornado core region. This way, the 
wind pressure obtained on the building of interest would be much more accurate.
3) Task 3: Compare the wind effects on a gable-roofed building induced by 
tornadic winds and their equivalent straight-line winds. The equivalent straight-line wind 
field is simulated based on the tornadic wind field simulated in Task 1. A community 
including 25 buildings is included in this straight-line wind field. The wind effects on the 
building of interest induced by the equivalent straight-line winds would be extracted, and 
they would be compared with the wind effects induced by tornadic winds obtained from 
Task 2. The results are in terms of surface pressure and force and moment coefficients.
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4) Task 4: Modify the wind pressure equations in ASCE7-16 to obtain design 
tornadic wind pressure for buildings. Civil structure design under wind loads is currently 
governed by ASCE/SEI7-16 Minimum Design Loads and Associated Criteria for 
Buildings and Other Structures (American Society of Civil Engineers 2016), which is 
based on the straight-line winds. When the buildings are attacked by tornadoes, the 
equations in ASCE7-16 cannot be directly used to calculate the wind pressure induced by 
tornadoes. Although ASCE7-16 does provide some modification on the related equations, 
they are based on improper assumptions and simplifications. The obtained CFD 
simulation results from Task 1, Task 2 and Task 3 would be applied to modify some 
coefficients in the pressure calculation equation in ASCE7-16. In addition, more cases 
would be simulated by changing the wind attack angles to identify the most unfavorable 
situation.
5) Task 5: Investigate the wind effects of tornadoes on a girder bridge. The full- 
scale model of the girder bridge located in Missouri is developed and placed in the 
simulated tornadic wind field. Different boundary conditions and swirl ratios would be 
tried to generate tornadoes with different intensities with different flow structure. For 
each tornado, two terrain conditions (open terrain and suburban terrain) will be 
considered, and different angles between the tornado translating path and the bridge 
longitudinal direction will be considered.
6) Task 6: Investigate the wind effects of tornadoes on a relatively flexible, cable- 
stayed bridge. A cable-stayed bridge will be modelled and included in the tornadic 
computational domain from Task 1 to investigate the wind effects on the cable-stayed 
bridge induced by tornadoes. The obtained design of tornadic wind loads could be used to
5
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evaluate the vulnerability of existing bridges, and to develop a reinforcing strategy for the 
existing bridges to achieve a continuous load path. This research would eventually 
advance the design theory of highway or railroad bridges based on the in-depth 
understanding of tornadic wind effects.
7) Task 7: Modify the wind pressure equations in AASHTO to obtain design 
tornadic wind loading for bridges. An equivalent straight-line wind field would be 
simulated based on the tornadic wind field. The girder bridge or cable-stayed bridge 
would be placed in this straight-line wind field. In each case, the force/moment 
coefficients and the surface pressure distribution would be obtained and compared with 
the wind effects obtained from the associated tornadic wind field. The obtained results 
would be used to modify the wind pressure equations in Section 3.8 of AASHTO.
1.3. INTELLECTUAL MERITS
This study will systematically investigate the wind-induced effects on civil 
structures and tornado-structure interactions by using the CFD simulation. First, the 
comparison between the tornado-induced effects on a gable-roofed building and the 
buildings of interest located in two communities is conducted, which would reveal the 
influence of the existence of surrounding buildings and hence advance the concept of 
wind design for the building located in the densely populated regions. Second, the wind 
effects on buildings of interest under the tornadic winds and their equivalent straight-line 
winds are systematically investigated to find the relationship between them. It will 
potentially provide an appropriate way to modify the current wind pressure equations in 
ASCE7-16, to facilitate the tornado-resistant design for buildings. Third, the tornado-
induced effects and the wind effects caused by straight-line wind on the bridge are 
studied and compared, which can be used to modify the wind pressure equations in 
AASHTO and improve the tornado-resistant design code for bridges.
1.4. DISSERTATION ORGANIZATION
This dissertation includes three sections. Section 1 introduces the subject area and 
presents the need for the current research study briefly. The first section also gives the 
overall objective and scope of work of the investigation.
Section 2 presents the results of this study in the form of four manuscripts: one 
journal paper is published, and three journal papers are intended to submit. The first 
paper presents the interference effects of the existence of surrounding buildings and the 
comparison between the wind effects on buildings of interest under tornadic winds and 
their equivalent straight-line winds, in which the modification of the wind pressure 
equations in ASCE7-16 is discussed. The second paper presents the characteristics of the 
wind flow on the wind field when the single building or a community is included in the 
tornadic wind field and its equivalent straight-line wind field. The tornado-structure 
interactions are systematically explored. The third paper presents the wind effects on the 
girder bridge when it is included in the tornadic wind field and equivalent straight-line 
wind field, finding out the relationship between the two types of wind effects, in which 
the modification of wind pressure equations in AASHTO is discussed. The fourth paper 
presents the wind effects on the cable-stayed bridge under tornadic winds and their 
equivalent straight-line winds. And the wind effects between these two types of winds are
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compared and analyzed. The pressure mapping technique is conducted for the unit length 
model.
Section 3 summarizes the conducted research work and conclusions of the 
obtained research findings and proposes the future research.
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I. PROPER DETERMINATION OF DESIGNING TORNADIC WIND LOADING
ON CIVIL STRUCTURES
Zhi Li, Guirong Yan
Department of Civil, Architectural and Environmental Engineering, Missouri University 
of Science and Technology, Rolla, MO 65409
ABSTRACT
Tornado is a violent natural disaster which has caused severe property loss and 
killed a lot of people every year. Based on the statistical data, most of the tornado- 
induced significant property loss and fatalities are relevant to the tornadoes passing 
through the densely populated urban or suburban regions. To reduce the tornado-induced 
loss, it is imperative to properly determine the tornado induced effects on buildings in the 
densely populated regions. However, in most previous studies, only the building of 
interest was included in the wind field, which only be appropriate to simulate the building 
case in rural areas. Besides, the current wind design equations in ASCE7-16 are based on 
the Straight-line winds which are completely different from tornadoes. Seldom has the 
previous studies compared the wind effects on buildings caused by tornadoes and 
straight-line winds. To bridge this research gap and modify the pressure equations in the 
current wind design codes, the tornado-induced effects on building of interest will be 
fully investigated in both rural areas and in densely populated urban areas. In addition, 
not only the tornadic wind field is established, but also its equivalent straight-line wind
10
field is simulated. By comparing the wind effects on building of interest between tornadic 
winds and straight-line winds, equations in ASCE7-16 for calculating wind pressure on 
buildings induced by tornadoes can be improved. The results demonstrate that the wind 
effects on urban areas are overestimated if the surrounding buildings are not included. 
And the current wind design based on straight-line winds underestimates the wind effects 
induced by tornadoes, which could be modified by adding an adjustive coefficient to 
achieve the tornado resistant design.
Keywords: computational fluid dynamics; gable-roofed buildings; straight-line wind 
fields; translating tornadic wind field; wind pressure equation
1. INTRODUCTION
Tornado is a type of non-synoptic wind event, which can generate wind with the 
speed up to 302 mph (Fujita, 1976). In the past years, the intensive outbreak of tornadoes 
in populated areas has resulted in extensive damage to structures and severe loss of life. 
On March 18, 1925, the Tri-State tornado, which is the deadliest in the United States, 
caused at least 695 people to death. On May 3, 1999, the Oklahoma tornado with the 
highest recording wind speed of 302 ± 22 mph (486 ± 35 km/h), led to $1.5 billion in 
economic damage and killed 36 people in total. On May 22, 2011, the Joplin tornado, 
which is ranked as the costliest single tornado in the United States history, killed 158 
people and the total amount of damage was 2.8 billion. From the Annual Severe Weather 
Report Summary 2020, there are at least 1,022 tornadoes worldwide and 89 tornado-
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related deaths while 78 deaths were in the United States. It is the deadliest year resulting 
from tornadoes in the United States since 2011.
Due to the significant loss of life and damage to structures, many attempts have 
been made to investigate the underlying mechanism of tornado-structure interaction and 
then enhance the serviceability and security of structures under tornadoes. Based on the 
groundbreaking study of Ward (1972), Sarker (2006), Mishra (2008), Haan (2010) 
employed the laboratory simulators of tornado events and added small scale models of 
buildings to better understanding the characteristics of tornadoes and its effects on 
structures. In addition, from Selvam (2003), Natarajan (2011), Liu (2015), Cao (2018), 
the associated numerical simulations are also conducted to allow the researchers to 
replicate the wind flow field and velocity of tornadoes accurately, and verify the 
conclusion from the laboratory simulations.
However, the majorities of the mentioned studies are focused on the tornadoes on 
smooth ground, while buildings are always surrounded by other structures in urban 
populated areas. When the tornado strikes this area, the existence of nearby structures 
would affect the tornadic wind field, which in turn would impact the wind pressure on the 
structure of interest induced by tornadoes. To accurately obtain the real situation when 
the tornado strikes the densely populated region, it is necessary to include the 
surrounding buildings into the tornadic wind field instead of only placing the building of 
interest. Ground roughness, modeled by adding rectangular blocks or other shapes of 
obstruction, is often employed to explore the effect of surrounding structures. Laboratory 
simulations have been performed to understand the changes of velocity on tornadic wind 
flow and pressure distribution on structure of interest induced by the introduction of
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ground roughness. Dessens (1972) studied the effect of ground roughness on tornado-like 
vortex dynamics and concluded that ground roughness would increase the vertical 
velocity in the vortex core and the turbulence in the upper flow; analogous conclusions 
are also indicated in Matsui (2009). Leslie (1977) placed a shag carpet to generate ground 
roughness and summarized that its effect is to magnify the magnitude of swirl ratio and 
increase the turbulence of flow that would cause momentum to exchange greatly. 
Sabareesh (2013) conducted an experiment of a building model exposed to a tornado-like 
wind field and indicated that the introduction of roughness would decrease the internal 
pressure and increase the resulting net local net force. Wang (2015) considered two 
different types of ground surface situation in a tornado vortex simulator in Tongji 
University, he elucidated that the rough surface would cause the tangential velocity to 
increase inside the tornado vortex core and decrease outside the core near the ground 
while comparing with the results of smooth surface,.
Moreover, numerical simulations are also applied to study the effects of ground 
roughness. Kuai (2008) studied the effects of roughness by using the k-e model and 
indicated that the introduction of roughness would decrease the maximum tangential 
velocity but increase the core radius and swirl ratio of the vortex near the ground. 
Natarajan and Hangan (2012) used a large-eddy simulation to study the effects of 
moderate ground roughness on tornado-like vortices with a series of swirl ratios (S=0.28, 
0.5, 1.0, 2.0), and clarified that the translation decreased the maximum mean tangential 
velocity for lower swirl ratios while increase the maximum mean tangential velocity 
slightly for higher swirl ratios. Liu (2016) employed the LES turbulent model and 
provided a momentum source through the Naiver-Stokes equation to produce ground
roughness. The results showed that introduction of roughness would have the two 
following effects: turn the tornado configuration into the single-celled vortex at the stage 
of vortex breakdown; intensify the turbulence and broaden the tornado core at the stage 
of vortex touching down.
Despite the discrepancies in the areas of how surface roughness modifies the flow 
field, the experimental and numerical investigations mentioned above have indicated that 
ground roughness could result in distinct differences in turbulence and velocity of 
tornadoes. However, the idealized surface roughness applied in previous research cannot 
truly represent the situation of the real community of buildings. Through the previous 
literature review, seldom has the previous research studied the influence of the truly 
surrounding buildings on the building of interest under tornadic winds. To bridge this 
research gap, the community of buildings will be precisely modeled in the computational 
domain in the present study, instead of placing idealized blocks or rings in the wind field, 
and thus the true features of interaction between the tornadic wind field and structure of 
interest will be disclosed in detail, which can reflect the real situation of the building in 
urban area stroke by tornadoes. In this study, the differences between the wind loading 
acting on the building of interest under tornadic winds and their equivalent straight-line 
winds are compared. By this way, the correlation coefficient between tornadic winds and 
straight-line winds can be found to update the current wind design equation in Chapter 26 
of ASCE 7-16.
In addition, wind attack angle is another factor that would influence the 
interference effects acting on structures. Lam (2008) applied the wind tunnel 
measurements to investigate and explain the wind interference mechanism of five spaced
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square-plan buildings under the diverse incident wind attack angle. The results indicate 
that some member buildings in a row, such as the edge building, will suffer greater wind 
loads than a single building while the wind blows to the buildings at a slightly oblique 
angle. Hui (2012) presented and discussed the interference factors with all wind attack 
angles for the maximum and minimum peak pressures by using a square building and a 
rectangular building with the same height. The conclusions indicated that wind attack 
angle will greatly affect the interference effect. However, the previous investigations are 
mostly focused on the straight-line winds. To bridge this gap, in this study, the effects of 
changing wind attack angle under tornadic winds will be revealed not only for the 
isolated building but also for the building located in a community. Besides, the results 
can also be applied to update the current wind design equation in ASCE 7-26.
The remainder of this paper is organized as follows. First, four simulated cases 
and CFD simulation setup are described; Second, the simulation results are presented to 
demonstrate the influence of existence of surrounding buildings and to compare the force 
coefficient acting on the building of interest between the community of buildings under 
tornadic wind fields and straight-line wind fields; the factor is abstracted to update the 




2. SIMULATED CASES AND SIMULATION SETUP
2.1. FOUR BASIC SIMULATED CASES
Four basic cases are studied and compared to investigate the wind effects from 
tornadic winds and their equivalent straight-line winds. The first three cases are under the 
tornadic wind field and the fourth case is under the equivalent straight-line wind field. In 
the first case, a gable-roofed building is modeled in the computational domain (see Figure 
1a)), designated as the “Single-building case under tornadic winds” hereafter, which is to 
simulate that a translating tornado passes a rural area. In the second case, 25 buildings are 
placed in the computational domain (see Figure 1b)), designated as the “Community case 
including 25 buildings under tornadic winds”, which is to simulate that a translating 
tornado passes an urban area. In the third case, 49 buildings are included in the 
computational domain (see Figure 1c)), designated as the “Community case including 49 
buildings under tornadic winds”, which is to simulate that a translating tornado passes a 
bigger urban area. In the fourth case, 25 buildings in the community (same as in the 
second case) are modeled in the equivalent straight-line wind field (see Figure 1d)), 
designated as “Community case included 25 buildings under straight-line winds”, which 
is to simulate an urban area under straight-line winds.
In the Community cases including 25 buildings under tornadic winds and 
equivalent straight-line winds, 25 buildings are included in the wind field, which are 
labeled from 1 to 25, as shown in Figure 2a). In the Community case including 49 
buildings under tornadic winds, 49 buildings are included in the computational domain, 
which are labeled from 1 to 49, as shown in Figure 2b). In each case, the building of
interest is placed in the center of the community that is marked with a red circle. In the 
Single-building case under tornadic winds, only one gable-roofed building is included in 
the computational domain. All the gable-roofed buildings are assumed to be identical 
with a floor plan of 20 m by 15 m, an eave height of 6 m and a roof height of 10.33 m, as 
shown in Figure 2c).
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a) Single-building case under tornadic b) Community case including 25
winds buildings under tornadic winds
c) Community case including 49 
buildings under tornadic winds
d) Community case including 25 
buildings under straight-line winds
Figure 1. Computational domains for these four basic cases
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a) Numbering of the buildings in the 




b) Numbering of the buildings in the 
community including 49 buildings
c) Dimensions of the gable-roofed building
Figure 2. The simulated community and the gable-roofed building
2.2. SIMULATED TORNADIC WIND FIELD
To simulate the tornadic wind field, a cylindrical computational domain with a 
velocity inlet and pressure outlet is applied, as shown in Figures. 1a), 1b) and 1c). The 
tangential velocity input and the radial velocity input applied at the velocity inlet are 
based on the regression equations from the radar-measured velocity data at the radius of 
800 m of the Spencer, SD tornado of 30 May 1988, according to Li and Yan (2019).
Tangential velocity: Vt = 20.61(Z/20)01774 (1)
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, 0.169
Radial velocity: Vr = -31.34
Vr = 45.14 -7 6 .4 8
<20> 
0.1826
where Z is the height from the ground surface.
Z < 20 m  
Z > 20 m
(2)
(3)
2.3. SIMULATION OF TORNADO TRANSLATION
In a real situation, the community of buildings is stationary, and the tornado 
moves. To simulate the tornado translation, a relative motion is established, that is to say 
that the computational domain and the tornadic wind flow do not move and the buildings 
on the ground surface move at the same speed as tornado translation, but in the opposite 
direction (see Figure 3). The translation speed of 15 m/s is applied here.
Figure 3. Schematic diagram of the translation of the gable-roofed building
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2.4. SIMULATION OF THE EQUIVALENT STRAIGHT-LINE WIND FIELD
To simulate the equivalent straight-line wind field, a rectangular computational 
domain is applied, as shown in Figure 1d). The dimensions of this rectangular 
computational domain are according to Frank (2006). The velocity-inlet and pressure- 
outlet boundaries are 5H and 15H away from the buildings respectively, where H is the 
roof height of a gable-roofed building. And the blockage ratio is 3%. At the velocity inlet, 
the velocity input with a power-law profile is applied. The velocity at the roof height is 
taken as the maximum resultant velocity at the mean roof height in the tornadic wind 
field at the core radius (the resultant velocity of tangential and radial velocities). It is 80.7 
m/s. To simulate the urban/suburban areas, 0.14 is taken as the exponent of the power- 
law profile. Thus, the velocity profile at the velocity input is expressed as
Vs = 80.7 (Z/Hr)014 (4)
where Vs denotes the velocity at different heights; Z denotes the height above ground; and 
Hr denotes the reference height, which is the mean roof height (Hr = 8.2 m) here.
2.5. SETUP OF CFD SIMULATION
The Large Eddy Simulation (LES) with dynamic Smagorinsky-Lilly subgrid 
model is adopted to model turbulence. The SIMPLEC (Semi-Implicit Method for 
Pressure Linked Equation-Consistent) method is used to solve N-S equations. The 
simulation is first run for 260 s to generate stationary tornadic winds, and then is run for 
48 s to simulate the translation of tornadoes. During the 48 s, the Layering techniques are
adopted as the dynamic meshing methods to validate the moving of the gable-roofed 
building in the opposite direction. The time step of the simulation is 0.01 s.
3. SIMULATION RESULTS
3.1. SIMULATED TORNADIC WIND FIELD
Figure 4 presents the graphs of tangential velocity at a line along the radial 
direction at the elevation of 80 m. The black graph represents the instantaneous tangential 
velocity of real-world Spencer Tornado measured by the radar. The red graph is the time- 
averaged tangential of the simulated tornado from 260 s to 300 s. By comparing these 
two graphs, the same tangential velocities at the core radius are observed and the 
magnitudes of their core radiuses are also close to each other, which verified that the 
simulated tornadic wind field is consistent with real-world Spencer Tornado.
Figure 5 presents the instantaneous tangential velocity distribution on the 
horizontal plane of 80 m. The color represents the magnitude of the tangential velocity 
and the arrows represent the direction of the resultant velocity of tangential and radial 
components. Outside the core radius, the wind flow converges towards the tornado 
center, with increasing tangential velocity. A peak tangential velocity is found at the core 
radius, before decreasing along the radial distance from the core radius to the tornado 
center. In general, circular strips are formed, and the velocity in each strip is uniform, 
although the tangential velocity in the core is not as uniform, which may be due to the 
fact that the relatively lower rotational velocity cannot persist in the relatively higher
20
turbulence in the core.
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Figure 4. Tangential velocity along a line 
in radial distance at the elevation of 80 m
Figure 5. Instantaneous Tangential velocity 
distribution on the horizontal plane at the 
elevation of 80 m
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Figure 6. Instantaneous Tangential 
velocity on a vertical plane through 
tornado center
Figure 7. Instantaneous Pressure 
distribution on the horizontal plane at the 
elevation of 80 m
Figure 6 presents the instantaneous tangential velocity distribution on a vertical 
plane through the tornado center. The color represents the magnitude of the tangential 
velocity and the arrows represent the direction of the resultant velocity of radial and 
vertical components. A downdraft is observed at the center and updrafts are observed on 
the surrounding areas. This suggests that the flow structure is double-celled.
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Figure 7 presents the instantaneous pressure contour on the horizontal plane at the 
elevation of 80 m. Regular circular strips are observed. The pressure gradually decreases 
along the radius from the outer edge to tornado center, and this pressure gradient helps to 
show why the air flows inwards while rotating outside the core.
3.2. INDEPENDENT STUDY
To verify that the simulated tornadic wind field is independent instead of affected 
by the meshing size, three cases with different meshing sizes are simulated and 
compared. The total cells’ number are 0.25 million, 0.5 million and 1.2 million separately 
for these three cases. Figure 8 presents the 1 second time-averaged resultant velocity 
(component of tangential velocity and radial velocity) distribution on the horizontal plane 
at eave height (8.2m). By comparing the magnitude of peak velocity and size of the core 
radius, these three cases show very similar results, which illustrate that the tornadic wind 
fields are close to each other.
a) Case with 0.25 
million cells
VelocilyTmavg
b) Case with 0.5 million 
cells
c) Case with 1.25 million 
cells
Figure 8. Tangential velocity distribution on the horizontal plane at 8.2 m height
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3.3. COMPARISON BETWEEN SINGLE-BUILDING CASE AND COMMUNITY 
CASES UNDER TORNADIC WINDS
In this study, the pressure in the tornadic wind field is presented in the form of 
pressure coefficient. The pressure coefficient presented is extracted based on Eq. (5)
r  =Op iP - P r
■ P r ^ r2
(5)
where P — Pr denotes the relative static pressure at the point where the pressure 
coefficient is evaluated. In all of the three cases, Pr, Vr, and pr denote the reference 
pressure, reference wind velocity and air density, respectively, which are Pr =
101325 Pa, Vr = 80.7 m /s and pr = 1.225 kg/m3 in this study according to Li and Yan
(2020).
The results for the tangential velocity contours on the horizontal planes 
associating with the mean roof height (8.2 m) for the cases under tornadic winds are 
shown in Figure 9. At this moment, the single-building and the community center reach 
the center of the tornado (at 24s). In each figure, the color represents the magnitude range 
of the tangential velocity and the arrows represent the projection of the resultant velocity 
(the resultant velocity of tangential and radial components) on the horizontal plane 
(indicating the wind direction).
For the Single-building case and the Community case including 25 buildings (see 
Figures 9a) and 9b)), the pattern of regular circular strips is well maintained, and the core 
radius can still be easily determined. The spiral pattern is extended towards the tornado 
center, although the spiral pattern at the tornado center is outward. While, for the 
Community case including 49 buildings under tornadic winds (see Figure 9c), the pattern 
of regular circular strips is slightly destroyed due to the presence of a large number of
buildings. Obviously, for the Community case including 49 buildings under tornadic 
winds, the original definition of core radius (the radius with the maximum tangential 
velocity) may not be applicable here, since the maximum tangential velocity is obtained 
near the buildings instead of being observed at the core radius. The higher maximum 
tangential velocity (103 m/s as shown in Figure 9c)) occurs in the Community case 
including 49 buildings under tornadic winds. This is due to the blockage of the buildings 
accelerating the wind flow in the core radius.
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a) Single building case b) Community case
under tornadic winds including 25 buildings under
tornadic winds
c) Community case 
including 49 buildings 
under tornadic winds
Figure 9. Tangential velocity distribution on the horizontal plane at the elevation of 8.2
m (at 24 s)
a) Single building case under 
tornadic winds
b) Building No. 13 for the 
Community case including 
25 buildings under tornadic 
winds
c) Building No. 25 for 
the Community case 
including 49 buildings 
under tornadic winds
Figure 10. Pressure coefficients on the structural surfaces when the buildings of 
interest are located at the center of the tornado (at 24s)
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Time (s)
a) Force coefficient in X 
direction
b) Force coefficient in Y 
direction
c) Force coefficient in Z 
direction
Figure 11. Time history of 
the force coefficient acting 
on the Single building 
under tornadic winds
a) Force coefficient in X 
direction
b) Force coefficient in Y 
direction
c) Force coefficient in Z
direction
Figure 12. Time history of 
the force coefficient acting 
on Building No.13 for the 
Community case including 
25 buildings under 
tornadic winds
a) Force coefficient in X 
direction
b) Force coefficient in Y 
direction
c) Force coefficient in Z 
direction
Figure 13. Time history of 
the force coefficient acting 
on Building No.25 for the 
Community case including 
49 buildings under tornadic 
winds
The pressure coefficient on the structural surface of the building of interest is 
extracted (hereafter “Pressure coefficient”) when the Single-building, or the 
communities’ center reaches the tornado center at 24 s, as shown in Figure10. For the 
Single building, Building No. 13 and Building No. 25, all surfaces are dominated by the 
negative pressure, which is generated by the huge atmospheric pressure drop in the 
tornado core. The maximum negative pressure coefficient (-1.28) is obtained in the
Single building case (see Figure 10a)). Because the disturbance from the surrounding 
buildings affects the wind flow around the building of interest in the Community cases, 
which may decrease the suction force from the pressure drop. The locations, where the 
maximum negative pressure is obtained, are different among these three cases. For the 
Community cases, the maximum negative pressure is obtained on the wall or on the roof 
near the eave height, while the maximum negative pressure is observed at the roof ridge 
for the Single building case.
The time history of the force coefficient is presented in Figures. 11, 12 and 13. By 
comparing the force coefficient acting on the building of interest, the result shows that 
the basic trends of time histories are the same among these three buildings. In X and Y 
direction, the force coefficient shows two peak values are observed around 14 s and 34 s, 
which are the time instants that the building of interest approaches the core radius 
sequentially. In Z direction, for the single building, the peak value is obtained when the 
building reaches the center of the tornado at 24 s. For Building No. 13 and Building No. 
25, the peak value is not salient when the building reaches the center of the tornado. This 
is because the existence of the surrounding buildings reduces the suction caused by the 
atmospheric drop from the tornado core. The time history shows more fluctuation for the 
building is located in the community than that for the single building, which means the 
surrounding buildings interfere with the wind flow around the building of interest. When 
comparing the magnitude of the peak values, the greater maximum value is always 
observed in the Single building case, which means the building experiences more 
unfavorable conditions under tornadic winds if there is no building nearby. For Building
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No. 13 and Building No. 25, the magnitude of the peak values is almost the same, no 
matter whether 24 or 48 buildings are surrounding.
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a) Moment coefficient 
about X axis
b) Moment coefficient 
about Y axis
c) Moment coefficient 
about Z axis
a) Moment coefficient 
about X axis
a) Moment coefficient 
about X axis
b) Moment coefficient 
about Y axis
b) Moment coefficient 
about Y axis
c) Moment coefficient 
about Z axis
c) Moment coefficient 
about Z axis
Figure 14. Time history of 
the moment coefficient 
acting on the Single 
building under tornadic 
winds
Figure 15. Time history of 
the force coefficient acting 
on Building No.13 for the 
Community case including 
25 buildings under tornadic 
winds
Figure 16. Time history of 
the force coefficient acting 
on Building No.25 for the 
Community case including 
49 buildings under 
tornadic winds
The time history of the moment coefficient is presented Figures. 14, 15 and 16. In 
general, the trends of the time history are the same among these three cases. Two peak 
values can be obtained around 14 s and 34 s, which are the time instants that the building 
reaches the core radius sequentially. The time history of the moment coefficient shows
more fluctuations for Building No. 13 and Building No. 25, which is located in a 
community. When comparing the peak value of the moment coefficient, greater peak 
value is obtained in the single building case, which illustrates that the building 
experiences more unfavorable conditions if there are no other buildings surrounded.
3.4. COMPARISON BETWEEN COMMUNITY CASES INCLUDING 25
BUILDINGS UNDER TORNADIC WINDS AND EQUIVALENT STRAIGHT­
LINE WINDS
Since the force coefficient acting on the building of interest is similar between the 
Community cases including 25 buildings and including 49 buildings under tornadic 
winds, in order to save the computational expense, Community case including 25 
buildings is adopted to compare the differences of wind effects between tornadic winds 
and their equivalent straight-line winds. The time history of the force coefficient acting 
on the building of interest (Building No. 13) in the community case including 25 
buildings under tornadic winds and their equivalent straight-line winds are presented in 
Figures. 12 and 17. In Figures. 12a) and 12b), the time history of the force coefficient in 
X and Y directions shows two peak values around 14 s and 34 s which are the time 
instants that Building No. 13 reaches the core radius sequentially. This is because 
Building No. 13 experiences high speed flow when it approaches the core radius. While, 
in Figure 17, the time history of the force coefficient shows random fluctuation in a 
certain range. This can reflect that the wind flow is relatively stable in the equivalent 
straight-line wind field. By comparing the magnitude of the maximum force coefficient 
between these two cases, the greater maximum value is always obtained in the case under 
the tornadic winds, which can illustrate that Building No. 13 experiences more
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unfavorable conditions under the tornadic wind field. This means that the wind resistant 
design for the building located in the community should be advanced since current wind 
design is based on the straight-line winds.
a) Force coefficient in X 
direction
b) Force coefficient in Y 
direction
c) Force coefficient in Z 
direction
Figure 17. Time history of the force coefficient acting on Building No.13 for the 
Community case including 25 buildings under the equivalent straight-line winds
3.5. COMPARISON THE RESULTS WITH DIFFERENT WIND ATTACK 
ANGLES
Wind attack angle is another crucial factor that will influence the wind loads on 
the buildings. The Single building case and the Community cases are employed as the 
basic models. On this basis, the wind attack angle is controlled by rotating the buildings 
from 0 degree to 30 degrees, 60 degrees, and 90 degrees, as shown in Figure 18. And 
then, these rotated buildings are placed in the tornadic computational domain. Totally, 12 
cases are studied and compared, that are the Single building cases with attack angles of 0, 
30, 60, and 90 degrees; the Community cases including 25 buildings with attack angles of 
0, 30, 60, and 90 degrees as well as Community cases including 49 buildings with attack 
angles of 0, 30, 60 and 90 degrees. In the Community cases, the building of interest is 
placed in the center of the community, which is Building No. 13 in the community 
including 25 buildings and Building No. 25 in the community including 49 buildings.
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a) Single building case b) Community case 
including 25 buildings
c) Community case 
including 49 buildings
Figure 18. Schematic diagrams of changing the wind attack angle from 0 degree to 30
degrees, 60 degrees and 90 degrees
The results presented in Figures. 19, 20 and 21 show the time history of force 
coefficient acting on the building of interest in 12 cases. For the Single building case (see 
Figure 19), the maximum peak value of the force coefficient always is obtained under 
wind attack angle of 60 degrees, as shown in Figure 19c). This is because the acreage of 
the windward wall is maximum at 14 s and 34 s, when compared with other wind attack 
angles. The wind flow can exert greater wind force on the larger surface. Conversely, the 
minimum peak value of the force coefficient is always obtained under wind attack angle 
of 90 degrees, as shown in Figure 19d). Since the acreage of the windward wall is 
minimum for the Sing building under wind attack angle of 90 degrees when compared 
with other Single building cases under different wind attack angles. For the community 
cases including 25 buildings (see Figure 20), there is no such conspicuous difference by 
changing wind attack angle, even the maximum peak value of the force coefficient acting 
on Building No. 13 is also obtained under wind attack angle of 60 degrees, as shown in
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Figure 20c). Furthermore, from Figure 21, the peak values of the force coefficient acting 
on Building No. 25 are almost the same under different wind attack angles. That is to say, 
the blockage of the surrounding buildings affect the wind flow and reduce the influence 
of changing wind attack angle, which may illustrate that the change of wind attack angle 
will not greatly influence the wind loads on the building if this building is located in the 
center region of a relatively large community (like community including 49 buildings). 
So, for the Single building case, when the wind attack angle increases from 0 degree to 
90 degrees, the peak value of the force coefficient increases to 1.25 times, 1.86 times and 
then decreases to 0.73 times sequentially. There is the biggest ratio (1.86) between the 
force coefficient in the Y direction under 0 degree and 60 degrees.
When compare the force coefficient acting on the Single building, Building No.
13 and Building No. 25, the results show that the wind force acting on the Building No.
13 and Building No. 25 fluctuates frequently, which can demonstrate that the wind flow 
around the Building No. 13 and Building No. 25 changes very quick, especially around
14 s and 34 s which are the time instant that Building No. 13 and Building No. 25 
approaches the core radius. The magnitude of the peak value is always greater in the 
Single building case under all wind attack angles, which can illustrate that the building 
experiences more unfavorable conditions if there is no other building nearby. The biggest 
ratio can be obtained by comparing the force coefficient in Y (as shown in Figures. 19c) 
and 21c)) direction under wind attack angle of 60 degrees, which is about 4.3.
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a) With 0 Degree wind 
attack angle
b) With 30 Degrees wind 
attack angle
c) With 60 Degrees wind 
attack angle
Time (s)
d) With 90 Degrees wind 
attack angle
Figure 19. Time history of 
the force coefficient acting 
on the Single building 
with different wind attack 
angles
a) With 0 Degree wind 
attack angle
a) With 0 Degree wind 
attack angle
b) With 30 Degrees wind 
attack angle
b) With 30 Degrees wind 
attack angle
c) With 60 Degrees wind c) With 60 Degrees wind 
attack angle attack angle
d) With 90 Degrees wind d) With 90 Degrees wind 
attack angle attack angle
Figure 20. Time history of 
the force coefficient acting 
on Building No. 13 with 
different wind attack angles
Figure 21. Time history of 
the force coefficient acting 
on Building No. 25 with 
different wind attack 
angles
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Figure 22. Time history of 
the moment coefficient 
acting on the Single 
building with different 
wind attack angles
Figure 23. Time history of 
the moment coefficient 
acting on Building No. 13 
with different wind attack 
angles
Figure 24. Time history of 
the moment coefficient 
acting on Building No. 25 
with different wind attack 
angles
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The time history of the moment coefficient acting on building of interest (Single 
building, Building No. 13 and Building No. 25) in 12 cases is presented in Figures. 22, 23 
and 24. For the Single building, the maximum value of the moment coefficient is 
obtained under wind attack angle of 60 degrees. For Building No.13, the magnitude does 
not change a lot when increasing the wind attack angles from 0 degree to 90 degrees. The 
maximum value can be observed under wind attack angle of 60 degrees. For Building 
No.25, the magnitude of the time history also changes a little when increasing the wind 
attack angle. The greatest peak value can be obtained in the Single building case. More 
fluctuation is observed for the building which is located in the community (Building No. 
13 and Building No. 250). In general, the trend of time history of the moment coefficient 
is similar with the time history of the force coefficient.
3.6. MODIFY THE CURRENT WIND DESIGN FOR CIVIL STRUCTURES IN 
ASCE 7
Civil structural design under wind loads is currently governed by ASCE/SEI 7-16 
Minimum Design Loads and Associated Criteria for Buildings (American Society of 
Civil Engineers 2016), which is based on straight-line winds. From this standard, the 
design wind pressure is computed as
p = q[GCp -  GCpi] (6)
where q is expressed as
q = 0.00256 V2IKzKztKd (7)
where G is associated with the dynamic characteristics of the wind loads. Cp is the 
external pressure coefficient which is related to the surface on which the wind pressure is 
interested. Cpi is the internal pressure coefficient which is associated with the porosity of
the structure. V is the design wind speed (m/s). The factor I  is associated with the 
occupancy importance of the structure. The coefficient Kz is responsible for both of the 
exposure conditions and influence of height above grade. Kzt is associated with the 
topography of the location of the structure. Kd is associated with the type of structure and 
the wind attack direction to the structure. All of the values for the coefficients are based 
on the laboratory data of straight-line winds. To improve the tornado-resistant design, 
these design coefficients need to be modified.
To find out the relationship between the wind effects induced by tornadic winds 
and their equivalent straight-line winds, and obtain the adjusted coefficient to modify the 
wind pressure equations in ASCE 7-16, the time-averaged force coefficient acting on 
Building No. 13 under tornadic winds and under the equivalent straight-line winds is 
abstracted and presented in Figures. 25 and 26. For the case under straight-line winds, the 
3 seconds duration is chosen to average the force coefficient acting on Building No. 13. 
While, for the tornadic case, 1 second duration is selected to average the force coefficient 
acting on Building No. 13 due to the factor that the fluctuation of the wind flow is greater 
through the time under tornadic winds. As shown in Figures. 1d) and 2c), the X direction 
is along the longitudinal direction of the gable-roofed building, the Y direction is 
perpendicular to the longitudinal direction of the building on the horizontal plane, and the 
Z direction is the vertical direction. The time history of the time-averaged force 
coefficient acting on Building NO. 13 under tornadic winds shows the typical trend of the 
wind effects caused by tornados. That is, two peak values are observed around 14 and 34 
seconds which are the time instants that Building No. 13 passes the two core radiuses of 
the tornado sequentially. While, under the equivalent straight-line winds, the time history
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of the time-averaged force coefficients acting on Building NO. 13 are relatively stable, 
fluctuating in a small range.
By comparing the results from Figures. 25 and 26, the maximum force coefficient 
in the X direction induced by the tornadic winds is 0.3 (see Figure 25a)), which is 8.5 
times greater than that induced by the equivalent straight-line winds, which is 0.035, as 
shown in Figure 26a). The time-averaged force coefficient in the X direction is small 
under straight-line winds, because the straight-line winds blow along Y direction, which 
induce tiny wind force in the X direction. Therefore, the comparison of time-averaged 
force coefficient in the X direction is not a reasonable reference. In the Y direction, the 
peak value of the time-averaged force coefficient acting on Building No. 13 under 
tornadic winds (0.2, as shown in Figure 25b)) is 1.35 times greater than that induced by 
the equivalent straight-line winds (0.148, as shown in Figure 24b)). In the Z direction, the 
maximum time-averaged force coefficient acting on Building No. 13 under tornadic 
winds is around 0.5 (see Figure 25c)), and this peak value is 2.94 times greater than that 
induced by the equivalent straight-line winds (0.17, as shown in Figure 26c)). In 
summary, the greatest ratio between the maximum time-averaged force coefficient under 
tornadic winds and their equivalent straight-line winds is 2.94 in the Z direction, which is 
because of the great suction induced by the atmospheric pressure drop from the center of 
the tornado. Hence, the Eqs. (6) can be modified by introducing a coefficient, as shown 
below:
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Figure 25. Time history of the time- 
averaged force coefficient acting on 
Building No.13 under tornadic winds
Figure 26. Time history of the time- 
averaged force coefficient acting on 




In this study, the wind-induced effects acting on gable-roofed buildings are 
systematically investigated by modeling the buildings into the simulated wind field. At 
first, the gable-roofed building, the community including 25 buildings and the 
community including 49 buildings are placed into tornadic computational domain, then 
the community including 25 buildings is placed into the equivalent straight-line wind 
field. Finally, 12 cases under tornadic winds, including the Single building, the 
Community including 25 buildings and the Community including 49 buildings that are 
rotated from 0 degree to 30 degrees, 60 degrees and 90 degrees, are simulated. The 
following conclusions can be drawn:
1) For the cases that the Single building and the Community including 25 
buildings are placed into the tornadic winds, when the single building or the 
community approaches the center of the tornado (at 24 s), the tangential 
velocity distribution on the horizontal plane shows the pattern of regular 
circular strips. While, for the Community including 49 buildings under 
tornadic winds, at that time instant (24 s), the pattern of regular circular strips 
is slightly destroyed, and the core radius is hardly to be determined. The peak 
value of the tangential velocity is obtained near the buildings instead of being 
observed at the core radius. The higher maximum tangential velocity (103 
m/s) is obtained in the Community case including 49 buildings. The result of 
pressure distribution on the structural surface of the buildings of interest 
(Single building, Building No. 13 and Building No. 25) shows that the greater
maximum negative pressure is obtained in the Single building case, that 
occurs at the roof ridge.
2) The force coefficients acting on the building of interest under tornadic winds 
are abstracted and compared. In X and Y directions, the time history of the 
force coefficient shows two peak values around 14 s and 34 s, which are the 
time instants that the building of interest reaches the core radius sequentially. 
In Z direction, for the Single building, the peak value is obtained when the 
building reaches the center of the tornado at 24 s. For Building No. 13 and 
Building No. 25, the peak value is not salient when the building reaches the 
center of the tornado. The time history shows more fluctuation for Building 
No. 13 and Building No. 25 than that for the Single building, which means 
that the surrounding buildings would interfere with the wind flow around the 
building of interest. When comparing the magnitude of the peak values, the 
greater maximum value is always observed in the Single building case, which 
means the building experiences more unfavorable conditions under tornadic 
winds if there is no building nearby. For Building No. 13 and Building No. 25, 
the magnitude of the peak values is almost the same, irrelevant with the 
amount of surrounding buildings. The time history of moment coefficient 
shows similar trends with the force coefficient. Two peak values are observed 
at 14 s and 34 s and more fluctuation is obtained for the community cases. 
Greater peak value is obtained in the Single building case, which illustrates 
that the building experiences more unfavorable conditions if there is no other 
building surrounding.
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3) For the Community case including 25 buildings under tornadic winds, the 
time history of the force coefficient in X and Y directions shows two peak 
values around 14 s and 34 s which are the time instants that Building No. 13 
reaches the core radius sequentially. While, for the Community case including 
25 buildings under equivalent straight-line winds, the time history of the force 
coefficient shows random fluctuation in a small range, which illustrates that 
the wind flow is relatively stable in the straight-line wind field. By comparing 
the magnitude of the maximum force coefficient between these two cases, the 
greater maximum value is always obtained in the case under the tornadic 
winds, which demonstrates that Building No. 13 experiences more 
unfavorable conditions in the tornadic wind field. This means that the wind 
resistant design for the building located in the community should be advanced 
since current wind design is based on straight-line winds.
4) When changing the wind attack angle, the peak value of force coefficient is 
always obtained under wind attack angle of 60 degrees for the Single building 
case. For Building No. 25, the effect of changing wind attack angle is not 
notable since the peak value is almost the same when the wind attack angle 
increases from 0 degree to 90 degrees, which means the influence of changing 
wind attack angle is not crucial for the building located in a big community.
5) Time-averaged force coefficients acting on Building No. 13 under tornadic 
winds and their equivalent straight-line winds are extracted and compared.
The maximum force coefficient in the X direction induced by tornadic winds 
is much greater than that induced by the equivalent straight-line winds. But
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that ratio is not reasonable to adopt. The maximum magnitude of the time- 
averaged force coefficient in Y direction induced by the tornadic winds (0.2) 
is 1.35 times greater than that induced by the equivalent straight-line winds 
(0.148). In Z direction, the peak value of the time-averaged force coefficient 
induced by the tornadic winds (0.5) is 2.94 times greater than that induced by 
the equivalent straight-line winds (0.17).
The obtained research results illustrate that the single building in rural areas 
experiences more unfavorable condition when comparing with the building locating in a 
community, and the wind effects on urban area will be overestimated if the surrounding 
building is not included, which suggest that the current equations in ASCE7-16 should 
consider the different adaptability for the building in rural areas and in urban areas.
The building located in a community experiences more unfavorable conditions 
under tornadic winds when comparing with that under their equivalent straight-line 
winds, which suggests that the current equation in ASCE7-16 is not eligible to design the 
tornado resistance. Therefore, to achieve the tornado resistant design, the wind pressure 
equations in ASCE7-16 should be appropriately modified. Currently, “Simplified 
Method” for tornado-resistant design is used to modify the current equation by adding a 
coefficient to it. Through the comparisons between the results of these two cases 
presented in this paper, 2.94 is considered as the reasonable coefficient to modify the 
current pressure design equation in ASCE7-16.
The currently obtained results only depend on the designated tornado wind field 
and gable-roofed building. In the future, systematic simulations will be conducted to 
explore how the current trend will be affected when the flow structure of tornadoes
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ABSTRACT
To determine tornadic wind loads, the wind pressure, forces and moments 
induced by tornadoes on civil structures have been studied. However, in most previous 
studies, only the individual building of interest was included in the wind field, which may 
be suitable to simulate the case where a tornado strikes rural areas. The statistical data has 
indicated that tornadoes induce more significant fatalities and property loss when they 
attack densely populated areas. To simulate this case, all buildings in the community of 
interest should be included in the wind field. However, this has been rarely studied. To 
bridge this research gap, this study will systematically investigate the influence of a 
community of buildings on tornadic wind fields by modeling all buildings in the 
community into the wind field (designated as “the Community case under tornadic 
winds”). For comparison, the case in which only a single building is included in the 
tornadic wind field (designated as “the Single-building case under tornadic winds”) and 
the case where a community of buildings are included in the equivalent straight-line wind 
field (designated as “the Community case under straight-line winds”) are also simulated. 
The results demonstrate that the presence of a number of buildings completely destroys 
the pattern of regular circular strips in the distribution of tangential velocity and pressure
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on horizontal planes. Above the roof height, the maximum tangential velocity is lower in 
the Community case under tornadic winds than that in the Single-building case under 
tornadic winds because of the higher surface friction in the Community case; below the 
roof height, greater tangential velocity and pressure are observed in the Community case 
under tornadic wind fields, and more unfavorable conditions are observed in the 
Community case under tornadic winds than under the equivalent straight-line winds. 
Keywords: translating tornadic wind fields; computational fluid dynamics; gable-roofed 
buildings; straight-line wind
1. INTRODUCTION
In reality, in urban populated areas, a civil structure is always surrounded by other 
structures. When tornadoes strike this type of area, the presence of the surrounding 
structures may affect the tornadic wind field, which in turn may affect the wind pressure 
induced on the structure of interest by tornadoes. To properly determine the tornadic 
wind load, it is important to investigate how the surrounding structures affect the tornadic 
wind flow by modelling the surrounding structures in the computational domain in 
addition to the structure of interest. Although the influence of the presence of surrounding 
structures on the straight-line wind fields has been widely studied, Khanduri et al. (1998), 
Nozawa and Tamura (2002), Chang and Meroney (2003), Xie and Gu (2004), Lam et al. 
(2008, 2011), Wang et al. (2014), Blocken et al. (2016), and Elshaer et al. (2016), the 
influence of surrounding structures on tornadic wind fields is still unknown.
Some previous studies did investigate the influence of surface roughness of the 
ground on the tornadic wind field in laboratory tornado simulators by modeling surface 
roughness using rectangular blocks or other shapes of obstruction. Dessens (1972) 
attached sharp edged pebbles, measuring 6-mm in diameter, to the surface of a wood 
plate to replicate roughness. He compared two cases, a tornado-like vortex passing over a 
surface with and without roughness. He concluded that increasing surface roughness 
enlarged the core radius and the maximum vertical velocity but decreased the maximum 
tangential velocity. This is consistent with the later laboratory simulation results by 
Wilkins et al. (1975). Leslie (1977) placed a shag carpet, with a fiber length of 2.54 cm, 
on the surface to generate roughness, which was chosen because it produced a boundary 
layer similar to the atmospheric boundary layer in straight-line wind tunnels. He 
concluded that surface roughness increased the magnitude of swirl ratio and made the 
flow more turbulent. Based on the present authors’ simulation results, the swirl ratio is 
directly related to the core radius. To be specific, the higher swirl ratio, the higher the 
core radius. Therefore, Leslie’s conclusion is that the surface roughness increased the 
core radius. Monji and Wang (1989) studied the effect of different types of surface 
roughness on a laboratory tornado-like vortex. The roughness included cuboid blocks of 
4X6X6 mm3 spaced at 25mm, and blocks of 9X6X6 mm3 spaced at 25mm, as well as a 
smooth surface for comparison. They concluded that increasing roughness enlarged the 
vortex core in cases with lower swirl ratios (S less than 0.3). On the contrary, with higher 
swirl ratios (S greater than 1.5), the changes to the vortex core was not significant. 
However, Diamond and Wilkins (1984) concluded that with a low aspect ratio, the core 
radius decreased with increasing surface roughness, which is not consistent with the
47
48
results from the previous research mentioned above. Zhang and Sarkar (2008) studied the 
effects of roughness on a laboratory-simulated tornado by using a 2-D PIV (Particle 
Image Velocimetry) technique. They found that the existence of surface roughness 
increased both the maximum radial and vertical velocities but decreased the maximum 
tangential velocity and core radius. The results on core radius are consistent with 
Diamond and Wilkins's results.
In addition, numerical simulations have also been conducted to determine the 
effects of surface roughness. Kuai et al. (2008) studied the effects of roughness using 
CFD (Computational Fluid Dynamics) simulations. Their results showed that increasing 
roughness greatly decreased the maximum tangential velocity but increased the core 
radius and swirl ratio of the vortex near the ground. Natarajan and Hangan (2009, 2011 
and 2012) numerically studied the effects of mild roughness on tornado-like vortices with 
a wide range of swirl ratios from 0.1 to 2.0. Their results suggested that the surface 
roughness decreased the tangential velocity for all ranges of swirl ratios outside the core 
region, which is consistent with Kuai’s results. However, in the core region, the existence 
of surface roughness increased the tangential velocity.
It is worth noting that the idealized surface roughness applied in previous research 
may not represent the real condition of the community of buildings. Through a 
comprehensive literature review, none of previous research has studied the influence of a 
community of buildings on tornadic wind fields by precisely modeling the surrounding 
structures in the computational domain. To bridge this research gap, in the present study, 
the community of buildings will be exactly modeled in the computational domain, as 
opposed to placing idealized blocks/rings in the wind field in previous research, and thus
true characteristics of the tornadic wind field will be revealed. For comparison, besides 
the simulation of a translating tornado passing an urban area, the case in which only a 
single building is included in the tornadic wind field and the case in which the same 
community of buildings are present in the equivalent straight-line wind field are also 
simulated. The obtained results will contribute to tornado-resistant building design by 
providing more accurate wind effects.
The remainder of this paper is organized as follows. First, the three simulated 
cases, simulated tornadic and straight-line wind fields and CFD simulation setup are 
described; Second, the simulation results are presented to demonstrate the influence of a 
community of buildings on tornadic wind fields and to compare the worst condition 
between the community of buildings under tornadic wind fields and straight-line wind 
fields; Finally, conclusions are drawn and future work is discussed.
2. SIMULATED CASES AND SIMULATION SETUP
2.1. THREE SIMULATED CASES
Three cases are studied and compared. The first two cases are under the tornadic 
wind field and the third case is under the equivalent straight-line wind field. The 
configuration for the community of buildings is to mimic a street block of buildings in 
Spencer, SD, which was hit by an F-4 tornado in 1998. In the first case, all buildings in 
the community are modeled in the computational domain (see Figure 1a)), designated as 
the “Community case under tornadic winds” hereafter, which is to simulate that a 
translating tornado passes an urban area. In the second case, only one building is included
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in the computational domain (see Figure 1b)), designated as the “Single-building case 
under tornadic winds”, which is to simulate that a translating tornado passes a rural area. 
In the third case, all buildings in the community (same as in the first case) are modeled in 
the equivalent straight-line wind field (see Figure 1c)), designated as “Community case 
under straight-line winds”, which is to simulate an urban area under straight-line winds. 
The wind direction is set to be perpendicular to the roof ridge. This is to be associated 
with an unfavorable case in tornadic fields, i.e., when the community center is located at 
the tornado core radius, the wind direction to the community is approximately 
perpendicular to the roof ridge.
In the Community cases under tornadic winds and straight-line winds, buildings 
included in the wind field are assumed to be identical and they are labeled from 1 to 18, 
as shown in Figure 2a). They are all gable-roofed houses with a floor plan of 35 m by 20 
m, an eave height of 9 m and a roof height of 14 m, as shown in Figure 2b). In the Single­
building case under tornadic winds, only one gable-roofed building with the same 
dimensions is included in the computational domain.
2.2. SIMULATED TORNADIC WIND FIELD
To simulate the tornadic wind field, a cylindrical computational domain with a 
velocity inlet and pressure outlet is applied. All other boundaries are defined as no-slip 
walls, as labelled in Figures. 1a) and 1b). The tangential velocity input, radial velocity 
input and vertical velocity input applied at the velocity inlet are based on the regression 
equations, Eqs. (1) through (5), from the radar-measured velocity data according to Pan 
and Xiao (2013). With the specific dimensions of pressure outlet (R=300 m) and velocity
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input (H=270 m), the tangential velocity profiles obtained from the simulation match 
those extracted from the radar-measured data very well. The pressure outlet was subject 
to the following settings: the static pressure relative to operating pressure is set as zero 
and the backflow direction specification method was set as Normal to Boundary.
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2.3. SIMULATED TORNADIC WIND FIELD
In a real situation, the community of buildings is stationary, and the tornado 
moves. To simulate the tornado translation, a relative motion is established, that is to say 
that the computational domain and the tornadic wind flow do not move and the buildings 
on the ground surface move at the same speed as tornado translation, but in the opposite 
direction. The translation speed of 15 m/s is applied here.
2.4. SIMULATION OF THE EQUIVALENT STRAIGHT-LINE WIND FIELD
To simulate the equivalent straight-line wind field, a rectangular computational 
domain is applied, as shown in Figure 1c).
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a) Community case under tornadic winds b) Single-building case under tornadic 
winds
c) Community case under straight-line winds 
Figure 1. Computational domains for the three simulated cases
At the velocity inlet, the velocity input with a power-law profile is applied. The 
velocity at the roof height is taken as the maximum resultant velocity at the roof height in 
the tornadic wind field at the core radius (the resultant velocity of tangential and radial 
velocities). It is 130.83 m/s. To simulate the urban/suburban areas, 0.14 is taken as the 
exponent of the power-law profile. Thus, the velocity profile at the velocity input is
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expressed as
Vs = 130.83 (Z/Hr)014 (6)
where Vs denotes the velocity at different heights; Z denotes the height above ground; and 
Hr denotes the reference height, which is the roof height (Hr = 14 m) here.
a) Numbering of the buildings in the b) Dimensions of a building
community
Figure 2. The simulated community with 18 identical buildings
2.5. SETUP OF CFD SIMULATION
The Large Eddy Simulation (LES) with dynamic Smagorinsky-Lilly subgrid 
model is adopted in this study. The SIMPLEC (Semi-Implicit Method for Pressure 
Linked Equation-Consistent) method is used to solve N-S equations. The simulation is 
first run for 250 s to generate stationary tornadic winds, and then is run for 48 s to 
simulate the translation of tornadoes. During the 48 s, the Smoothing and Remeshing 
techniques are adopted as the dynamic meshing methods. For all of the three simulated 
cases, the mesh size is 1 m on the structure’s edges. The inflation technique is utilized in
the region close to the structural surface to avoid the adverse influence caused by the 
sudden change of the mesh size. The thickness of the first layer is 0.2 m, with a growth 
rate of 1.2 and a total number of layers of 15. In total, the number of the cells is 
approximately 1.8 million for the Single-building case under tornadic winds and 3.8 
million for the Community case under tornadic winds. The time step of the simulation is 
0.02 s.
It is noted that the current tornadic wind field is to simulate the Spencer, SD 
tornado of 30 May 1998 that was rated at F-4. To simulate tornadoes at other intensities 




For the Community cases under tornadic winds and straight-line winds, the 
tangential velocity and static pressure in the wind field are extracted when the tornado 
center reaches the community center and the tornado has a full access to all buildings in 
the community; for the Single-building case, the results are extracted when the core 
radius of the tornado reaches the building. Results are presented in four parts 
sequentially, the first is the one above the roof height, 14 m, and the second is the one 
below the roof height, as the influence of the presence of a community on tornadic wind 
fields is different in these two regions. The third one is the results at the elevation of 9 m 
when the most unfavorable conditions are observed. The last one is the comparison 
between the Community cases under tornadic winds and straight-line winds.
The ultimate goal of this research is to compare how different the wind pressure 
on the civil structure of interest (referred to “surface pressure”) is between the case when 
its surrounding structures are included in the computational domain and the case when its 
surrounding structures are not included. Considering that this surface pressure is directly 
related to the pressure in the wind field close to the structural surface and the pressure in 
the wind field is directly related to the velocity in the wind field, where appropriate, the 
comparisons are conducted in the sequence of Velocity in the Wind Field, Pressure in the 
Wind Field and Pressure on Structural Surface between cases.
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3.1. SIMULATED TORNADIC WIND FIELD
The results for the tangential velocity distribution on the horizontal plane of 80 m 
are shown in Figure 3. The color represents the magnitude of the tangential velocity and 
the arrows represent the direction of the resultant velocity of tangential and radial 
components. Outside the core radius, the wind flow converges towards the tornado 
center, with increasing tangential velocity. A peak tangential velocity is found at the core 
radius, before decreasing along the radial distance from the core radius to the tornado 
center. In general, circular strips are formed, and the velocity in each strip is uniform, 
although the tangential velocity in the core is not as uniform, which may be due to the 
fact that the relatively lower rotational velocity cannot persist in the relatively higher 
turbulence in the core.
The Swirl ratio is calculated according to Eq. (7) from Liu and Ishihara (2015)
S£ = 2 Q a
r CO (7)
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where is the free stream circulation at outer edge of convergence region, defined as 
2nrshVrs, rs is the core radius at a height of 80 m, h is the height of the velocity inlet, Vrs 
is the maximum tangential velocity at the core radius rs at a height of 80 m, a is the
aspect ratio, where a = —, where ro is the pressure outlet radius, and Q is the total volumero
inflow rate. In this specific case the following values where used: rs = 66 m, h = 270 m, 
Vrs = 116 m/s, ro = 300 m, and Q = 2.05 x 107 m3/s. From this calculation the Swirl 
Ratio, SE, was found to be 0.35. A swirl ratio of over 0.23 results in touch-down of the 
vortex according to Liu and Ishihara (2012). The current swirl ratio is well above this 
requirement.
The results for the tangential velocity distribution on a vertical plane through the 
tornado center are shown in Figure 4. The color represents the magnitude of the 
tangential velocity and the arrows represent the direction of the resultant velocity of 
radial and vertical components. A downdraft is observed at the center and updrafts are 
observed on the surrounding areas. This suggests that the flow structure is double-celled, 
which is in agreement with the Spencer Tornado according to Kosiba and Wurman 
(2010). From the streamline on the vertical plane, as shown in Figure 4, from the 
locations of vortex-streamline and the irregular streamline, vertical turbulence occurs on 
the two sides above 270 m and at tornado center at the lower elevations. From the 
streamline on the horizontal plane of H=80 m, in the outer region, stripes are regular, 
while stripes are irregular at around the core radius (as indicated by the red stripes) and 
inside the core. By investigating the streamline on other elevations, a similar 
phenomenon is observed. Thus, by combining the observations from both the horizontal
planes and vertical planes, the turbulence field is located in the tornado core at lower 
elevations, while it is located outside the tornado core at higher elevations.
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Figure 3. Instantaneous Tangential 
velocity distribution on the horizontal 
plane at the elevation of 80 m
Figure 4. Instantaneous Tangential velocity 

















Figure 5. Instantaneous Pressure distribution on the horizontal plane at the elevation
of 80 m
The results for the pressure contour on the horizontal plane at the elevation of 80
m are shown in Figure 5. Regular circular strips are observed. The pressure gradually
decreases along the radius from the outer edge to tornado center, and this pressure 
gradient helps to show why the air flows inwards while rotating outside the core.
3.2. TANGENTIAL VELOCITY AT HEIGHTS ABOVE 14 M
The results for the tangential velocity contours on four horizontal planes 
associated with four different heights (14.5 m, 16 m, 20 m and 30 m) for the Community 
case under tornadic winds are shown in Figure 6. Figure 7 is for the Single-building case 
under tornadic winds. In each figure, the color represents the magnitude range of the 
tangential velocity and the arrows represent the projection of the resultant velocity (the 
resultant velocity of tangential and radial components) on the horizontal plane (indicating 
the wind direction). It is noted that no building blockage is present above 14 m.
By comparing the figures at each elevation between the two cases, it is observed 
that regular circular strips are well maintained in the Single-building case under tornadic 
winds (see all subfigures in Figure 7), while the regular circular strips are destroyed in the 
Community case under tornadic winds due to the residual effects induced by the presence 
of a community of buildings (see Figures. 6a) and 6b)). In the Community case under 
tornadic winds, this effect gradually decreases as the elevation increases, and regular 
circular strips are gradually recovered along the height (see Figures. 6c) and 6d)). 
Accordingly, it is difficult to determine the core radius in the Community case under 
tornadic winds at lower elevations, while it is easy to determine the core radius from the 
regular circular strips at a height of 30 m or above. At the height of 30 m, the core radius
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of this tornado is 47 m.
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c) At the elevation of 20 m c) At the elevation of 20 m
Figure 6. Tangential velocity distribution 
on the horizontal plane for the 
Community case under tornadic winds 
above 14 m
Figure 7. Tangential velocity distribution 
on the horizontal plane for the Single­
building case under tornadic winds above 
14 m
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d) At the elevation of 30 m d) At the elevation of 30 m
Figure 6. Tangential velocity distribution 
on the horizontal plane for the 
Community case under tornadic winds 
above 14 m (cont.)
Figure 7. Tangential velocity distribution 
on the horizontal plane for the Single­
building case under tornadic winds above 
14 m (cont.)
In both cases, above 14 m, the peak tangential velocity (red color) occurs at the 
projection location(s) of building(s), this is due to the residual effect of the building 
blockage below 14 m. In the Community case under tornadic winds, the maximum 
tangential velocity is 147 m/s, which is lower than that in the Single-building case under 
tornadic winds (157 m/s). In addition, in both cases, the maximum wind velocity of the 
main flow (except the flow indicated by red color) can be represented by the yellow color 
at the heights below 20 m (see Subfigures a), b) and c) in Figures. 6 and 7) and by the 
orange color at the height of 30 m. By comparing the scale bars in Figures. 6 and 7 at 
each height, the magnitude of the maximum velocity of the main flow in the Community 
case under tornadic winds is lower than that in the Single-building case under tornadic 
winds. All this is because the surface friction in the Community case is higher compared 
to the Single-building case. The difference in surface friction between the two cases
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becomes smaller and smaller as the elevation increases, as indicated by the observation 
that the difference in the magnitude of tangential velocity between the two cases becomes 
smaller and smaller with increasing elevation (see Subfigures a), b) and c) in Figures. 6 
and 7) and becomes similar at the height of 30 m (see Figures. 6d) and 7d)).
A negative tangential velocity is observed in both cases. A negative tangential 
velocity means that the air flows in the clockwise direction (a counterclockwise tornado 
occurring in the North Hemisphere is simulated here). It is caused by the wake effect of 
building blockage at lower elevations (below 14 m), the wake effect at lower elevations 
extends to higher elevations (above 14 m) to become a residual effect. In the Single­
building case under tornadic winds, the wake effect and residual effect are weaker so that 
the negative tangential velocity almost disappears at the height of 20 m. By contrast, in 
the Community case under tornadic winds, the residual effect is so strong that the 
negative tangential velocity is still observable at higher elevations (30 m).
3.3. PRESSURE DISTRIBUTION AT HEIGHTS ABOVE 14 M
Pressure in the wind field is presented in the form of pressure coefficients. In this 
study, the pressure coefficient presented is extracted based on Eq. (8)
r  -  p~pr
V = ±PrV?
where P — Pr denotes the relative static pressure at the point where the pressure 
coefficient is evaluated. In all of the three cases, Pr, Vr, and pr denote the reference 
pressure, reference wind velocity and air density, respectively, which are Pr = 
101325 Pa, Vr = 98.7 m /s and pr = 1.225 kg/m3 in this study.
(8)
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The pattern of regular circular strips is observed in the pressure distribution in the 
wind field of the Single-building case, as shown in Figure 9. This is consistent with the 
pattern of the tangential velocity distribution for the Single-building case (see Figure 7). 
However, for the Community case under tornadic winds, the pattern of regular circular 
strips is destroyed at lower elevations due to the presence of a number of buildings (see 
Figures. 8a) and 8b)), and the regular circular pattern is recovered as the elevation 
increases, which is consistent with the observation in tangential velocity.
The maximum positive pressure coefficient is observed in the outer region for 
both cases at any heights above 14 m, as shown in Figures. 8 and 9, because the 
tangential velocity in the outer region is very low which leads to larger pressure, 
according to Bernoulli Equation. The maximum positive pressure coefficient is nearly the 
same through all heights for each case. The maximum positive pressure coefficient in the 
Community case under tornadic winds is always higher than that in the Single building 
case under tornadic winds, due to the fact that the tangential velocity is lower in the outer 
region for the Community case than that in the Single building case, leading to a higher 
pressure at the outer region. It is noted that the above analysis based on Bernoulli 
Equation discusses the relationship between pressure and tangential velocity, although 
Bernoulli Equation theoretically relates pressure to resultant velocity. The above analysis 
is valid due to the following two reasons. First, tangential velocity is the primary 
component of the resultant velocity in most regions; Second, the tangential velocity has 
been presented above and thus this quantity can be qualitatively related to the pressure. It 
is worth noting that the above analysis is qualitative, as Bernoulli Equation is not strictly 
applicable to rotational flow.
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Figure 8. Pressure coefficient contour on 
the horizontal plane for the Community 
case under tornadic winds above 14 m
Figure 9. Pressure coefficient contour on 
the horizontal plane for the Single­
building case under tornadic winds above 
14 m
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d) At the elevation of 30 m d) At the elevation of 30 m
Figure 8. Pressure coefficient contour on 
the horizontal plane for the Community 
case under tornadic winds above 14 m 
(cont.)
Figure 9. Pressure coefficient contour on 
the horizontal plane for the Single­
building case under tornadic winds above 
14 m (cont.)
In both cases, at the elevations of 14.5 m, 16 m and 20 m, the maximum negative
pressure coefficient is observed around the projection locations of the building(s), which
is caused by the wake effect (small vortex) and residual effect induced by the presence of
the building(s); conversely, at the elevation of 30 m, the maximum negative pressure is
observed at the tornado center, which is caused by the atmospheric pressure drop at the
tornado center. In the Single-building case under tornadic winds, the maximum negative
pressure coefficient decreases with the increase in elevation. In the Community case
under tornadic winds, for most of the elevations, the maximum negative pressure is
greater than that in the Single-building case under tornadic winds. The magnitude
difference between these two cases becomes smaller at the height of 30 m. This is
because the residual effect caused by the presence of the building(s) becomes smaller at
30 m and the atmospheric pressure drop at the tornado center dominates the negative
pressure at 30 m.
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3.4. EFFECTS OF BUILDING POPULATING DENSITY ON SURFACE 
FRICTION
To demonstrate the influence of building populating density on surface friction, 
the tangential velocity profile along a vertical line is extracted at the same location for 
both cases (see the black point in Figures. 10 and 11) and they are presented in Figures. 
12 and 13, respectively. The black points are chosen to be far away from the building(s) 
in order to better capture the wind velocity of the overall wind flow. Near ground (lower 
than 30 m), at the same height, the tangential velocity in the Community case under 
tornadic winds is much lower than that in the Single-building case under tornadic winds. 
This further verifies that the surface friction in the Community case under tornadic winds 
is much higher than that in the Single-building case under tornadic winds.
Figure 10. Location at which the vertical 
line of tangential velocity is extracted in 
the Community case under tornadic winds
Figure 11. Location at which the vertical 
line of tangential velocity is extracted in 
the Single-building case under tornadic 
winds
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Figure 12. Tangential velocity profile Figure 13. Tangential velocity profile 
along a vertical line for the Community along a vertical line for the Single­
case under tornadic winds building case under tornadic winds
3.5. TANGENTIAL VELOCITY AT HEIGHTS BELOW 14 M
The results for the tangential velocity contours on five horizontal planes 
associated with the heights that are lower than or equal to the roof height, which are 3 m,
5 m, 9 m, 12 m and 14 m, are shown in Figures. 14 and 15. From Figure 15, for the 
Single-building case under tornadic winds, except the region around the building, the 
pattern of regular circular strips is well maintained, and the core radius can still be easily 
determined, which is 75 m at the height of 14 m. However, for the Community case 
under tornadic winds (see Figure 14), the pattern of regular circular strips is completely 
destroyed due to the presence of a number of buildings, while the spiral pattern is 
extended towards the tornado center, although the spiral pattern at the tornado center is 
outward. Obviously, for the Community case under tornadic winds, the original definition 
of core radius (the radius with the maximum tangential velocity) may not be applicable 
here. By comparing the figures associated with different elevations for the Community 






128.567 /  f * fS jf .
108.827 '* s r ~  ' *
89.087 * ,  r ’
69.347 ' s '  '' /  .  f - f  t
,  / / '  * s +







-108.312 \  '  <
-128.052 [m sMl
* r 21 i x » V  v « -  x \  0r ; : 't ,*  \ * f V̂v; i \v
\ 5 ' j / '  v  * *1
» j »i. ' i v\* v  l
L - >  - ' v '  *
" ' , ' ^ 7 , V - ' 4












t f r ✓ '✓  
, > »Lf
/ A '  ̂ 1 ✓  - -
/r r -V 
V '  r » * • ■ * >  /  N M il • * * ̂  * -- \ , i \  v* '
w -% ' r r '  -  ̂/ -r \ s t >
-49.340 > \
-69.155 \  '  v
\  \  
V V '
v v * ' v; \ v - ; :
‘ i V N
-88.969 
U  -108.784 
■  -128.598
[m sM]
\  '  v - k^ ; ‘ -r  v  C l 1 V “ 1 * v \  \ \ v
* * v~a ' * VA *\ i * i
** J  * ✓ ✓ 4 / *'  * * / ' 4
a) At the elevation of 3 m
b) At the elevation of 5 m b) At the elevation of 5 m
c) At the elevation of 9 m c) At the elevation of 9 m
Figure 14. Tangential velocity distribution 
on the horizontal plane for the 
Community case under tornadic winds 
below 14 m
Figure 15. Tangential velocity distribution 
on the horizontal plane for the Single­
building case under tornadic winds below 
14 m
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d) At the elevation of 12 m d) At the elevation of 12 m
e) At the elevation of 14 m e) At the elevation of 14 m
Figure 14. Tangential velocity distribution 
on the horizontal plane for the 
Community case under tornadic winds 
below 14 m (cont.)
Figure 15. Tangential velocity distribution 
on the horizontal plane for the Single­
building case under tornadic winds below 
14 m (cont.)
From each figure, the maximum tangential velocity is always observed around the 
building(s) for both cases. This can be explained by the building blockage resulting in 
increased velocity around the buildings. The higher maximum tangential velocity below 
14 m (148 m/s shown in Figure 14b)) occurs in the Community case under tornadic 
winds between buildings inside the community. This is due to the following potential 
reasons: 1) when the wind flow passes two sequential buildings, due to the short distance
between the two buildings, the accelerated velocity due to the blockage of the first 
building is further accelerated when the wind flow passes the next building; or 2) a 
canyon street effect induced by the two buildings parallel to the wind direction may 
increase the speed of the wind passing between the two buildings.
3.6. PRESSURE DISTRIBUTION AT HEIGHTS BELOW 14 M
For the Single-building case under tornadic winds, below 14 m, the static pressure 
can still be considered uniform, with regular circular strips, except the region around the 
building. That is, the wind field is not affected much by a single building. For the 
Community case under tornadic winds, the regular circular strip pattern is completely 
destroyed due to the presence of multiple buildings.
From Figures. 16 and 17, below 14 m, the maximum negative pressure is always 
observed around the buildings for both of these two cases, which is caused by the vortices 
formed on the two sides or the wake of the building(s) (the wake effect). The maximum 
positive pressure for the Community case under tornadic winds is observed on the 
windward side of a building, while it is observed in the outer region for the Single­
building case under tornadic winds. The greater maximum positive pressure is obtained 
in the Community case under tornadic winds, which is 1.938, as shown in Figure 16b). 
The greater maximum negative pressure is obtained in the Single-building case, which is 
-2.256, as shown in Figure 17e). It is worth noting that these results are only for the case 
when the community center moves to the center of the computational domain, which is 
not the worst scenario for the tornado case, as shall be shown in Section 3.7.
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a) At the elevation of 3 m a) At the elevation of 3 m
b) At the elevation of 5 m b) At the elevation of 5 m
c) At the elevation of 9 m
Figure 16. Pressure coefficient contours 
on the horizontal plane for the Community 
case under tornadic winds below 14 m
c) At the elevation of 9 m
Figure 17. Pressure coefficient contours 
on the horizontal plane for the Single­
building case under tornadic winds below 
14 m
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Figure 16. Pressure coefficient contours 
on the horizontal plane for the Community 
case under tornadic winds below 14 m 
(cont.)
Figure 17. Pressure coefficient contours 
on the horizontal plane for the Single­
building case under tornadic winds below 
14 m (cont.)
3.7. COMPARISON ON MAXIMUM PRESSURE VALUES AT 9 M BETWEEN 
THE TWO TORNADIC CASES
For civil structures in a community environment, the wall height, the elevation of
9 m, is considered to be a primary focus for design loading considerations. Figures. 18 - 
23 present the maximum tangential velocity and wind pressure coefficient on the
horizontal plane for the Community case under tornadic winds and the Single-building 
case under tornadic winds at 9 m. This is to look for the most unfavorable conditions in 
each tornadic case. It is noted that the location(s) of building(s) relative to tornado center 
may vary among all these figures. By comparing the maximum magnitude of these 
results, the greater maximum tangential velocity and pressure coefficient are observed in 
the Community case under tornadic winds, which means that the more unfavorable 
conditions occur in the Community case under tornadic winds.
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Figure 18. Tangential velocity 
distribution on the horizontal plane at the 
elevation of 9 m for the Community case 
under tornadic winds when the maximum
Figure 19. Tangential velocity distribution 
on the horizontal plane at the elevation of 9 
m for the Single-building case under 
tornadic winds when the maximum
tangential velocity is observed tangential velocity is observed
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Figure 20. Pressure coefficient contours 
on the horizontal plane at the elevation of 
9 m for the Community case under 
tornadic winds when the maximum 
positive pressure is observed
Figure 21. Pressure coefficient contours on 
the horizontal plane at the elevation of 9 m 
for the Single-building case under tornadic 
winds when the maximum positive 
pressure is observed
Figure 22. Pressure coefficient contours 
on the horizontal plane at the elevation of 
9 m for the Community case under 
tornadic winds when the maximum 
negative pressure is observed
Figure 23. Pressure coefficient contours on 
the horizontal plane at the elevation of 9 m 
for the Single-building case under tornadic 
winds when the maximum negative 
pressure is observed
For the community case under tornadic winds, the maximum tangential velocity is 
observed when the community center is 115 m away from the center of computational 
domain, as shown in Figure 18; The maximum positive and negative pressure is observed 
when the community center is 42.5 m and 102.5 m away from the center of
computational domain, as shown in Figures. 20 and 22 respectively. For the single­
building case, the maximum tangential velocity is observed when this building is 60 m 
away from tornado center, as shown in Figure 19; the maximum positive and negative 
pressure is observed when this building is 307.5 m and 67.5 m away from the tornado 
center, respectively, as shown in Figures. 21 and 23.
3.8. COMPARISON BETWEEN THE COMMUNITY CASE UNDER TORNADIC 
WINDS AND THE COMMUNITY CASE UNDER STRAIGHT-LINE WINDS 
AT 9 M
The results for the pressure coefficient on the horizontal plane at 9 m in the 
Community case under straight-line winds are shown in Figure 24. By comparing 
Figures. 20, 22 and 24, at the wall height (9 m), both of the maximum positive pressure 
and maximum negative pressure coefficient in the tornadic wind field (1.87 and -4.05, as 
shown in Figures. 20 and 22, respectively) are greater than those in the straight-line wind 
field (1.24 and -1.54, as shown in Figure 24).
The results for the pressure coefficient on the structural surface of Building No.
10 for the Community case under tornadic winds, when the maximum positive and 
negative surface pressure is observed, are shown in Figures. 25 and 26. Figure 27 
presents the pressure on the structural surface of Building No. 10 for the Community case 
under straight-line winds. By comparing these figures, the results also demonstrate that 
the greater maximum positive and negative pressure coefficient, 1.66 and -2.87, are 
obtained in the tornadic winds field when the community center is 215 m and 17.5 m 
away from the center of the computational domain, as shown in Figures. 25 and 26, 
which are respectively 1.54 and 1.98 times higher than the maximum positive and
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negative pressure in Figure 27. That means Building No. 10 experiences more 
unfavorable conditions in the tornadic wind field. In the literature, Yousef et al (2018) 
compared the wind effects on a prism induced by tornadic winds and equivalent straight­
line winds. They found that the maximum negative pressure on the structural surface was 
1.75 times larger in the tornadic case. This presents a reasonable comparison to the 
surface pressure obtained on Building No. 10 (1.98 times larger in the tornadic wind field 
case than in the equivalent straight-line wind field case).
The results for the velocity distribution on the horizontal plane at the elevation of 
9 m for the Community case under straight-line winds are shown in Figure 28. By 
comparing Figures. 18 and 28, it shows that the maximum positive velocity in the 
straight-line winds field (160 m/s) is greater than that in the tornadic winds (149 m/s). 
However, because the positions where the maximum velocity happened are not in front of 
the windward wall of Building No. 10, it would not lead to greater positive pressure on 
the structure surface in the straight-line wind case.
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Figure 24. Pressure coefficients contour Figure 25. Pressure coefficients on the 
on the horizontal plane at the elevation of structural surfaces of Building No. 10 for 
9 m for the Community case under the Community case under tornadic winds 
straight-line winds when the maximum positive surface
pressure is observed
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Figure 26. Pressure coefficients on the Figure 27. Pressure coefficients on
structural surface of Building No. 10 for structural surface of Building No. 10 for 
the Community case under tornadic winds the Community case under straight-line 
when the maximum negative surface winds
pressure is observed
Figure 28. Velocity distribution on the horizontal plane at the elevation of 9 m for the 
Community case under straight-line winds
4. CONCLUSIONS
In this study, the influence of a community of buildings on tornadic wind fields is 
systematically investigated by modeling all buildings in the community into the wind 
field. For comparison, the case in which only a single building is included in the tornadic 
wind field and the case where a community of buildings are included in the equivalent 
straight-line wind field are also simulated. The following conclusions can be drawn:
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1) At the elevations above the roof height (14 m), the regular circular strip pattern 
in the distribution of tangential velocity on horizontal planes are completely 
destroyed in the Community case under tornadic winds, due to the residual 
effects induced by the presence of a community of buildings. The residual 
effects become weaker as the elevation increases, and the strip pattern is 
recovered at the elevation of 30 m. By contrast, in the Single-building case 
under tornadic winds, the regular circular pattern remains very well except at 
the projection location of the single building. In the Community case under 
tornadic winds, the maximum tangential velocity (147 m/s) is lower than that 
in the Single-building case under tornadic winds (157 m/s), because of the 
greater surface friction caused by the community of buildings.
2) At the elevations below the roof height, the regular circular strip pattern in the 
distribution of tangential velocity is also destroyed. At all elevations below the 
roof height, greater maximum tangential velocity and maximum positive 
pressure are observed in the Community case under tornadic winds potentially 
due to the obstruction of a number of buildings and the canyon street effect.
3) To be specific, at the elevation of 9 m, the maximum tangential velocity (149 
m/s), positive pressure coefficient (1.87), and negative pressure coefficient (­
4.05) obtained in the Community case under tornadic winds are greater than 
those in the Single-building case under tornadic winds, which are 140 m/s,
1.61 and -2.40, respectively. By comparing the results, the more unfavorable 
scenario is found in the Community case under tornadic winds, instead of in 
the Single-building case under tornadic winds.
4) By comparing the Community case under tornadic winds and equivalent 
straight-line winds, at the elevation of 9 m, the maximum positive pressure 
coefficient (1.87) and negative pressure coefficient (-4.05) obtained in the 
Community case under tornadic winds are 1.51 times and 2.63 times greater 
than those under in the equivalent straight-line winds, which are 1.24 and -1.54, 
respectively. This suggests that a more unfavorable scenario is obtained in the 
tornadic wind field, instead of in the equivalent straight-line winds.
5) For the wind pressure on structural surface of No. 10 building in the 
community, the maximum positive pressure coefficient (1.66) and negative 
pressure coefficient (-2.87) obtained in the Community case under tornadic 
winds are 1.54 times and 1.98 times greater than those in the equivalent 
straight-line winds, which are 1.08, and -1.45, respectively. This demonstrates 
that Building No. 10 experiences more unfavorable conditions in the tornadic 
wind field.
The obtained research results suggest that tornadic wind loading will be 
underestimated if the surrounding structures of the civil structure of interest are not 
included in the computational domain. Therefore, to properly quantify the tornadic wind 
loading, both the civil structure of interest and its surrounding structures should be 
included in the computational domain. Currently, Chapter 26 in the commentary of 
ASCE 7-16 provides the “Extended Method” and “Simplified Method” for tornado- 
resistant design. The Extend Method is to modify the coefficients in the pressure 
calculation equation that was originally developed for straight-line winds. The Extend 
Method specifies that the design terrain must be “C” or “D”, no matter whether the
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original design terrain is “B”, “C” or “D”, which is used to determine the value of the Kz 
coefficient. As far as the present authors are concerned, this specification ignores the 
influence of surrounding buildings on the tornadic wind fields and thus cannot properly 
determine the tornado-induced pressure. The developed approach in this study can be 
used to properly modify the Kz value.
Since the simulated community of buildings represent a general residential 
community pattern, the obtained results can be used to modify the Kz value for the case 
where a tornado with a relatively high intensity strikes a regular residential community. 
The currently obtained results may depend on the particular pattern and layout of the 
community. In the future, systematic simulation will be conducted to investigate how the 
current trend is changed when the relative size between the tornado core radius and 
community size changes and when the tornado intensity changes.
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ABSTRACT
Tornadoes have killed a lot of people and caused significant property loss. They 
have destroyed a number of bridges. To reduce the tornado-induced losses, it is 
imperative to develop a tornado resistant design for bridges, which requires in-depth 
understanding of the wind effects of tornadoes on bridges. The current wind design for 
bridges is governed by AASHTO, which is based on straight-line winds. Therefore, in 
this study, we not only simulate the tornadic wind field and investigate the wind effects 
of tornadoes on bridges, but also simulate the equivalent straight-line wind field and 
obtain the wind effects of straight-line winds on bridges. By comparing the wind effects 
between straight-line winds and tornadic winds, we will be able to update the equations 
in AASHTO for calculating wind pressure on bridges induced by tornadoes.
Keywords: bridge, CFD, tornadic wind field, straight-line wind field.
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1. INTRODUCTION
Tornadoes, which occur frequently on earth’s surface, are known as a type of non­
synoptic wind event, which can generate wind with the speed up to 302 mph (Fujita,
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1976). According to the statistics, over 1300 tornadoes occurred in the United States each 
year. For example, in 2011, a catastrophic tornado struck Joplin, MO, which had caused 
economic loss to an estimated amount of 3 billion dollars and killed 158 people; in 2013, 
a tornado occurred in Moore, OK, that 24 people were killed and a large amount of 
buildings collapsed; in 1998, the destructive tornado, which was rated at F4 intensity, 
struck Spencer and killed 6 people. Owing to such significant losses, the wind engineers 
began to pay more attention on tornados. Meanwhile, by comparing the possibility with 
residential buildings, the bridges with long spans, are more sensitive to the wind 
excitation that can result in severe failures such as the Elrod Bridge disaster in 1995, the 
Hurricane Creek Bridge disaster in 2013 and the most influencing Kinzua Bridge’s 
collapse in 2003. As the spans of bridges become longer now, the design and analysis of 
the long-span bridge under winds become an imperative task as to prevent bridges from 
vibrating and collapsing.
To better understanding the aerodynamic behavior of bridges, it is necessary to 
investigate the wind-induced effects on bridges under straight-line winds. A number of 
Wind tunnel tests are carried out to enable the researchers to study the wind-induced 
effects on bridges and assess the performance of particular solutions. Strommen (2001) 
devised wind tunnel tests, including pressure tap measurements, on the model of the 
Raftsundet Bridge in Norway to acquire the detailed information about its responses, and 
he summarized that the dynamic responses can match well with the displacements 
observed in the wind tunnel test. Belloli (2014) analyzed the collected results of a bridge 
deck (the sectional model of the Messina strait bridge) in a wind tunnel test and described 
the dynamic and static response by measuring its aerodynamic forces and surface
pressure distribution. Meanwhile, simulation methods are also systematically employed 
to investigate the straight-line wind effects on bridges. Scotta (2016) analyzed the data of 
the virtual wind tunnel test to estimate the aeroelastic and aerodynamic parameters of the 
Great Belt Bridge and the Adige Bridge, which match well with the experimental test. 
Then he concluded that the simulation methods can provide sufficient support to the 
design of long structures such as bridges.
Since tremendous differences between the tornadic winds and straight-line winds, 
the mere investigation of straight-line wind effects cannot provide sufficient and accurate 
information about the wind-induced aerodynamic features of bridges under tornadoes. 
Thus, a lot of researchers began to investigate the tornado-structure interaction in past 
decades. The first challenging work was to generate the tornadic winds. Ying (1970) 
developed and studied one of the first laboratory models of the tornado-like vortex. Then 
Ward (1972) devised the laboratory simulations to better investigate the characteristics of 
tornados. Haan (2008), Mishra (2008), and Hangan (2017) constructed the tornado vortex 
simulators (TVS) to form the tornadic wind based on the Ward-type tornado simulator. 
Meanwhile, many numerical approaches were adopted to simulate the interaction 
between tornadoes and structures. For example, Bai (2010) conducted the detached-eddy 
simulations (DES); Rocchi (2015) and Mannini (2010) constructed the Reynolds average 
Navier-Stokes (RANS) model; Sarwar (2008) and Miranda (2015) applied the large eddy 
simulations (LES) and so on.
After successfully generating the tornadic winds by using experimental or 
numerical methods, some investigations have been reported about the tornado-bridge 
interactions. Cao (2019) experimentally investigated the effects of the distance from the
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tornado center to the deck and the swirl ratio and used a tornado vortex generator to 
investigate the tornado induced surface pressure and total force coefficients acting on the 
bridge deck. The simulation methods are also widely adopted to comprehend the 
interaction between tornadoes and bridges. Sarwar (2008) analyzed the flow around the 
box girder bridge section and evaluated its aerodynamic characteristics. They indicated 
that the results of the complex geometrical sections with the LES turbulence model are in 
better precision according to the experimental results. Han (2016) applied the CFD 
simulations to investigate the discrepancy of drag coefficients of the bridge section that 
are calculated by the global force and pressure distribution methods. He concluded that 
the Reynolds number has a minuscule effect on the friction drag force, while the variation 
of aspect ratio and fairing angle have a much more significant impact on it. However, 
seldom has the research focused on the comparison between the wind effects acting on 
the bridge caused by the tornadic winds and their equivalent straight-line winds effects.
To bridge this research gap, in this study, not only the tornadic wind field is 
simulated and the tornadic wind effects on the bridge are investigated, but also the 
equivalent straight-line wind field is simulated and the wind effects of straight-line winds 
on the bridge are obtained. Since the current wind design in AASHTO is based on 
straight-line winds, the comparison between the wind effects caused by tornadic winds 
and their equivalent straight-line winds can be used to modify the equations in AASHTO 
to enhance tornado resistant design. The remainder of this study is organized as follows. 
First, this study will introduce a real-world bridge and use CFD simulation to generate 
the Spencer, SD tornado of 30 May 1988, and the equivalent straight-line wind field. 
Second, this study will validate the applied CFD simulation strategies by comparing the
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simulated results with radar-measured data of the Spencer tornado. Finally, this study will 
compare the wind effects on the bridge induced by the tornado and the equivalent 
straight-line winds, in terms of the wind pressure on the bridge surface and the total 
forces and moments; and find out the coefficient to modify the wind pressure equations 
specified in AASHTO.
2. SIMULATED CASES AND SIMULATION SETUP
2.1. DESCRIPTION OF THE BRIDGE
In this study, a newly designed bridge on Highway 32 over Cedar Creek west of 
Stockton in Missouri, which will replace the existing bridge (see Figure 1), is considered. 
The information of the new bridge is shared by MODoT, as shown in Figure 2. The 
estimated total cost is $4 million. It is expected that approximately 1,900 vehicles cross 
this bridge per day. This is a girder bridge with three spans, made of pre-stressed 
concrete. It is 300 ft long, with the main span of 120 ft. It is 32 ft wide and holds two 
traffic lanes.




Figure 2. The new bridge on Highway 32 over Cedar Creek west of Stockton in
Missouri
2.2. SIMULATED TORNADIC WIND FIELD
In order to simulate the tornadic wind field of the Spencer, SD Tornado of 30 
May 1988, a cylindrical computational domain with a velocity inlet and pressure outlet is 
applied, as shown in Figure 3. It is a full-scale simulation. The height of the velocity inlet 
is 100 m and the radius of the pressure outlet is 340 m. The velocity input at the velocity 
inlet are defined in Eqs. (1), (2) and (3). They are the tangential velocity profile along 
height and the radial velocity profile along height, which are the regression equations of 
the radar-measured velocity data at the radius of 800 m of the Spencer, SD tornado of 30
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M a y  1 9 8 8 ,  a c c o r d i n g  t o  L i  a n d  Y a n  ( 2 0 1 9 ) .  A l l  o t h e r  b o u n d a r y  c o n d i t io n s  a re  d e f in e d  a s  
s y m m e t r y .
T a n g e n t i a l  v e l o c i t y :  V t  =  2 0 . 6 1 ( Z / 2 0 )
0.169
R a d i a l  v e l o c i t y :  V r  =  - 3 1 . 3 4  ( — )
0.1774
0.1826
Fr  = 45 .14 (| j  -7 6 .4 8
w h e r e  Z  i s  t h e  h e ig h t  f r o m  t h e  g r o u n d  s u r f a c e .
( 1 )
Z  <  2 0  m  ( 2 )
Z  >  2 0  m  ( 3 )
F i g u r e  3 . C o m p u t a t io n a l  d o m a in  o f  t h e  t o r n a d ic  w i n d  f i e l d
2.3. TORNADIC WIND FIELD AND ITS EQUIVALENT STRAIGHT-LINE 
WIND FIELD
T w o  c a s e s  a re  s im u la t e d .  I n  t h e  f i r s t  c a s e ,  t h e  b r id g e  i s  i n c l u d e d  i n  t h e  t o r n a d ic  
w i n d  f i e l d  ( s e e  F i g u r e  4 ( a ) ) ,  w h i c h  i s  t o  s im u la t e  t h e  s c e n a r io  t h a t  t h e  b r id g e  i s  a t t a c k e d  
b y  a  t o r n a d o .  I n  t h e  s e c o n d  c a s e ,  t h e  b r id g e  i s  p la c e d  i n  t h e  e q u iv a le n t  s t r a ig h t - l i n e  w i n d  
f i e l d  ( s e e  F i g u r e  4 ( b ) ) ,  w h i c h  i s  t o  s im u la t e  t h e  s c e n a r io  t h a t  t h e  b r id g e  i s  a t t a c k e d  b y  th e  
e q u iv a le n t  s t r a ig h t - l in e  w i n d s  a n d  t h e  d im e n s io n  o f  t h is  r e c t a n g u la r  c o m p u t a t io n a l
d o m a in  i s  d e t e r m in e d  f r o m  F r a n k e  ( 2 0 0 6 ) .  F i g u r e  4 ( c )  p r e s e n t s  t h e  s iz e  o f  t h e  b r id g e  
in c l u d e d  in  t h e  c o m p u t a t io n a l  d o m a in .
89
a )  B r i d g e  c a s e  u n d e r  t o r n a d ic  w i n d s  b )  B r i d g e  c a s e  u n d e r  e q u iv a le n t  s t r a ig h t ­
l in e  w i n d s
F o r  t h e  B r i d g e  c a s e  u n d e r  t h e  e q u iv a le n t  s t r a ig h t - l in e  w i n d s ,  t h e  v e l o c i t y - i n l e t  a n d  
p r e s s u r e - o u t le t  b o u n d a r ie s  a r e  5 H  a n d  1 5 H  a w a y  f r o m  t h e  b r id g e  r e s p e c t i v e l y  a c c o r d i n g  
t o  F r a n k  ( 2 0 0 6 ) ,  w h e r e  H  i s  t h e  h e ig h t  o f  t h e  b r id g e .  A n d  t h e  b l o c k a g e  r a t io  i s  b e lo w  3 % .  
T h e  v e l o c i t y  in p u t  i s  b a s e d  o n  a  p o w e r - l a w  p r o f i le  a n d  0 .1 1  i s  t a k e n  a s  t h e  e x p o n e n t ,  a s  
s h o w n  i n  E q  ( 4 ) ,  w h i c h  i s  t o  s im u la t e  t h e  o p e n  a re a s .  T h e  m a x im u m  r e s u lt a n t  v e l o c i t y  
( t h e  r e s u lt a n t  v e l o c i t y  o f  t a n g e n t ia l  a n d  r a d ia l  v e l o c i t i e s )  a t  a  c e r t a in  h e ig h t  ( H r  =  1 0 .5  m )  
i s  7 9 . 9  m / s  i n  t h e  t o r n a d ic  w i n d  f ie ld .  T h e r e f o r e ,  t h e  v e l o c i t y  p r o f i le  a p p l ie d  t o  v e l o c i t y  
in p u t  i s  e x p r e s s e d  a s  b e lo w :
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V s  =  1 9 . 9 ( Z / H r ) 0 1 1  ( 4 )
w h e r e  V s  d e n o t e s  t h e  v e l o c i t y  a t  d i f f e r e n t  h e ig h t s ;  H r  d e n o t e s  t h e  r e f e r e n c e  h e ig h t  ( H r =  
1 0 .5  m )  a n d  Z  d e n o t e s  t h e  h e ig h t  a b o v e  g r o u n d .
2.4. CFD SETUP
T h e  C F D  s im u la t io n  i s  b a s e d  o n  L a r g e  E d d y  S im u l a t i o n ,  w h i c h  i s  g o v e r n e d  b y  
f i l t e r e d  t im e - d e p e n d e n t  N a v i e r - S t o k e s  e q u a t io n s .  M o m e n t u m  a n d  m a s s  a re  a s s u m e d  t o  b e  
m a i n l y  t r a n s p o r t e d  b y  l a r g e  e d d ie s ,  w h i c h  a r e  d i r e c t l y  s o lv e d  f r o m  t h e  e q u a t io n s ,  w h i l e  
s m a l l  e d d ie s  a r e  n u m e r i c a l l y  m o d e l le d  w i t h  t h e  W A L E  ( C w a l e  =  0 . 3 2 5 )  s u b g r id  m o d e l  
( N i c o u d  a n d  D u c r o s ,  1 9 9 9 ) .  I n  t h is  s im u la t io n ,  t h e  s e g r e g a t e d  i m p l i c i t  s o lv e r  i s  u s e d  t o  
s o lv e  t h e  g o v e r n i n g  e q u a t io n s  w i t h  a  S I M P L E C  ( S e m i - I m p l i c i t  M e t h o d  f o r  P r e s s u r e  
L i n k e d  E q u a t i o n - C o n s i s t e n t )  m e t h o d  f o r  P r e s s u r e - v e lo c i t y  C o u p l i n g ,  a s  t h e  S I M P L E C  
s c h e m e  u s u a l l y  h a s  a  b e t t e r  c o n v e r g e n c e  t h a n  P I S O  ( P r e s s u r e - I m p l i c i t  w i t h  S p l i t t i n g  o f  
O p e r a t o r s )  f r o m  V a n  D o o r m a a l  a n d  R a i t h b y  ( 1 9 8 4 ) .  F o r  t h e  t o r n a d ic  w i n d s ,  t o  g e n e r a t e  a  
s t a t io n a r y  t o r n a d ic  w i n d  f ie ld ,  t h e  s im u la t io n  o f  b r i d g e  c a s e  u n d e r  t o r n a d ic  w i n d s  i s  r u n  
f o r  2 6 0  s  a t  f i r s t .  I n  t h e  r e a l - w o r l d  s c e n a r io ,  t h e  b r i d g e  i s  s t a t io n a r y ,  a n d  t h e  t o r n a d o  
k e e p s  m o v i n g .  T o  s im u la t e  t h e  t r a n s la t io n  o f  t h e  t o r n a d o ,  a  r e la t iv e  m o t io n  i s  e s t a b l is h e d  
b e t w e e n  th e  b r i d g e  a n d  t h e  g r o u n d  s u r f a c e  o f  t h e  c o m p u t a t io n a l  d o m a in ,  b y  m o v i n g  th e  
b r i d g e  t o  th e  o p p o s it e  d ir e c t io n ,  a t  t h e  s a m e  s p e e d  a s  t o r n a d o  t r a n s la t io n ,  w h i c h  i s  15  m / s  
h e re . T h e  L a y e r i n g  t e c h n iq u e  i s  a p p l ie d  a s  t h e  d y n a m i c  m e s h i n g  m e t h o d  a n d  a n o t h e r  4 8  s 
i s  r u n  f o r  s im u l a t i n g  t h e  t r a n s la t io n  o f  t h e  t o r n a d o .  T h e  t im e  s te p  o f  th e  s im u la t io n  i s  0 .0 1  
s. T h e  t o t a l  n u m b e r  o f  c e l l s  i s  a p p r o x im a t e ly  1 .4  m i l l i o n  f o r  t h e  t o r n a d ic  w i n d  c a s e .  F o r  
t h e  e q u iv a le n t  s t r a ig h t - l in e  w in d s ,  t h e  t u r b u le n t  in t e n s it y  i s  1 0 %  a n d  t u r b u le n t  v i s c o s i t y
ratio is 0.01. K or turbulent intensity is employed as the Reynolds Stress Specification 
method. The time step of the simulation is 0.01 s and the amount of the steps are 3600. 




3.1. VALIDATION OF THE SIMULATED TORNADIC WIND FIELD
The tangential velocity profile along the radius at the elevation of 80 m is 
extracted and presented in Figure 5, as shown in the red graph. The tangential velocity is 
time-averaged for the period of 260 s to 300 s. To validate the simulation, the 
instantaneous tangential velocity profile extracted from the radar-measured velocity data 
of the Spencer, SD tornado of 30 May 1988, is also presented in Figure 5, as shown in the 
black graph. These two graphs match each other reasonably well in terms of the 
maximum tangential velocity and the core radius, validating the numerical simulation of 
the tornadic wind field.
Figure 5. Tangential velocity along a line in radial distance at the elevation of 80 m
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Figure 6. Instantaneous Tangential
velocity distribution on the horizontal 
plane at the elevation of 80 m
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Figure 7. Instantaneous Tangential 
velocity on a vertical plane through 
tornado center
Figure 8. Instantaneous Pressure 
distribution on the horizontal plane at the 
elevation of 80 m
Figure 9. Instantaneous Pressure 
distribution on a vertical plane through 
tornado center
Figure 6 presents the instantaneous tangential velocity distribution on the 
horizontal plane of 80 m at 270 s. The color represents the magnitude of tangential 
velocity and the arrows represent the direction of the resultant velocity of tangential and 
radial components. Outside the core region, the wind flow converges towards the tornado 
center, with increasing tangential velocity. Then, the tangential velocity reaches its 
maximum value at a certain radius, which is called the core radius, before decreasing 
along the radial distance from the core radius to the tornado center.
I n  g e n e r a l ,  c i r c u l a r  s t r ip s  a re  f o r m e d ,  a n d  t h e  v e l o c i t y  i n  e a c h  s t r ip  i s  u n i f o r m ,  
w h i l e  t h e  t a n g e n t ia l  v e l o c i t y  i n  t h e  c o r e  r e g io n  i s  n o t  t h a t  u n i f o r m ,  w h i c h  m a y  b e  b e c a u s e  
t h e  r e l a t i v e l y  l o w  r o t a t io n a l  v e l o c i t y  c a n n o t  s u s t a in  i n  r e l a t i v e l y  h i g h  t u r b u le n c e  i n  th e  
c o r e .  F i g u r e  6  s h o w s  t h a t  t h is  t o r n a d o  h a s  a  s in g le  v o r t e x .  F i g u r e  7  p r e s e n t s  th e  
in s t a n t a n e o u s  t a n g e n t ia l  v e l o c i t y  d i s t r ib u t io n  o n  a  v e r t i c a l  p la n e  t h r o u g h  t h e  t o r n a d o  
c e n t e r .  T h e  c o l o r  r e p r e s e n t s  t h e  m a g n it u d e  o f  t a n g e n t ia l  v e l o c i t y  a n d  t h e  a r r o w s  r e p r e s e n t  
t h e  d ir e c t io n  o f  th e  r e s u lt a n t  v e l o c i t y  o f  r a d ia l  a n d  v e r t i c a l  c o m p o n e n t s .  A  d o w n d r a f t  i s  
o b s e r v e d  a t  t h e  c e n t e r  a n d  u p d r a f t s  a re  o b s e r v e d  i n  t h e  s u r r o u n d in g  a re a s .  T h e s e  s u g g e s t  
t h a t  th e  f l o w  s t r u c t u r e  i s  d o u b le - c e l le d .
F i g u r e  8 p r e s e n t s  t h e  in s t a n t a n e o u s  p r e s s u r e  c o n t o u r  o n  t h e  h o r i z o n t a l  p la n e  a t  th e  
e le v a t io n  o f  8 0  m . R e g u l a r  c i r c u l a r  s t r ip s  a re  o b s e r v e d .  T h e  p r e s s u r e  g r a d u a l l y  d e c r e a s e s  
a lo n g  t h e  r a d iu s  f r o m  t h e  o u t e r  e d g e  t o  t o r n a d o  c e n t e r ,  w h i c h  e x p l a i n s  w h y  t h e  a i r  o u t s id e  
t h e  c o r e  r e g io n  f l o w s  in w a r d s  w h i l e  t h e  a ir  i n s i d e  t h e  c o r e  r e g io n  f l o w s  o u t w a r d s .  F i g u r e  
9  p r e s e n t s  t h e  in s t a n t a n e o u s  p r e s s u r e  c o n t o u r  o n  t h e  v e r t i c a l  p la n e  t h r o u g h  t h e  t o r n a d o  
c e n t e r .  S i m i l a r l y ,  t h e  p r e s s u r e  g r a d u a l l y  d e c r e a s e s  f r o m  t h e  o u t e r  e d g e  to  t h e  c o r e  r e g io n .
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3.2. INVESTIGATION OF WIND EFFECTS FOR THE BRIDGE CASE UNDER 
TORNADIC WINDS
P r e s s u r e  c o e f f i c ie n t  i s  a d o p t e d  to  r e p r e s e n t  t h e  p r e s s u r e  d is t r ib u t io n  o n  t h e  b r id g e  
s u r f a c e .  I n  t h is  s t u d y ,  t h e  p r e s s u r e  c o e f f i c ie n t  i s  p r e s e n t e d  b a s e d  o n  E q .  ( 5 )
r  = -Op iP - P r
P r ^ r2
(5)
w h e r e  P  —  P r  d e n o t e s  t h e  r e la t iv e  s t a t ic  p r e s s u r e  a t  t h e  p o in t  w h e r e  t h e  p r e s s u r e  
c o e f f i c ie n t  i s  e v a lu a t e d .  I n  a l l  o f  t h e  t w o  c a s e s ,  P r , V r , a n d  p r d e n o t e  t h e  r e f e r e n c e
p r e s s u r e ,  r e f e r e n c e  w i n d  v e l o c i t y  a n d  a i r  d e n s i t y ,  r e s p e c t iv e ly ,  w h i c h  a r e  P r  =
1 0 1 3 2 5  P a ,  V r  =  7 9 . 9  m / s  a n d  p r  =  1 . 2 2 5  k g / m 3 i n  t h is  s t u d y  a c c o r d i n g  L i  a n d  Y a n  
( 2 0 2 0 ) .
T h e  p r e s s u r e  d is t r ib u t io n  o n  t h e  b r id g e  s u r f a c e  in d u c e d  b y  t h e  t o r n a d o  i s  e x t r a c t e d  
a t  t w o  r e p r e s e n t a t iv e  t im e  in s t a n t s  a n d  p r e s e n t e d  i n  F ig u r e s .  1 0  a n d  1 1 . T h e  f i r s t - t im e  
in s t a n t  i s  a s s o c ia t e d  w i t h  t h e  t im e  w h e n  t h e  m a x im u m  p o s i t i v e  p r e s s u r e  i s  o b s e r v e d .  T h e  
l o c a t io n  o f  th e  b r id g e  i n  t h e  c o m p u t a t io n a l  d o m a in  i s  3 6 0  m  a w a y  f r o m  t h e  c e n t e r  o f  th e  
t o r n a d o  w h i c h  i s  i l lu s t r a t e d  b y  F i g u r e  1 0 a ) . T h e  z o o m - in  f i g u r e  o f  t h e  r e g io n  i n c l u d i n g  
t h e  b r id g e  in  F i g u r e  1 0 a )  i s  s h o w n  i n  F i g u r e  1 0 b ) ,  w h i c h  c le a r l y  s h o w s  t h e  s t r e a m l in e s  in  
t h e  t o r n a d ic  w i n d  f i e l d  a r o u n d  t h e  b r id g e .  F i g u r e  1 0 c )  r e p r e s e n t s  t h e  p r e s s u r e  c o e f f i c ie n t  
o n  th e  b r id g e  s u r f a c e .  E x c e p t  f o r  a  c o r n e r ,  t h e  p r e s s u r e  o n  t h e  b r id g e  s u r f a c e  i s  d o m in a t e d  
b y  p o s i t i v e  p r e s s u r e .  T h i s  i s  b e c a u s e  t h e  b r i d g e  i s  lo c a t e d  i n  t h e  o u t e r  r e g io n  o f  th e  
c o m p u t a t io n a l  d o m a in  a t  t h is  t im e ,  w h e r e  t h e  p o s i t i v e  p r e s s u r e  d o m in a t e s  t h e  w i n d  f i e l d  
a n d  th e  b l o c k a g e  o f  t h e  b r i d g e  t o  t h e  w i n d  f l o w  d o e s  n o t  d is t o r t  t h e  s t r e a m lin e  
s ig n i f i c a n t l y .  T h e  p e a k  v a l u e  o f  t h e  p o s i t i v e  p r e s s u r e  c o e f f i c ie n t  i s  1 .4 , w h i c h  o c c u r s  o n  
t h e  w i n d w a r d  s id e .
I n  a d d it io n ,  t h e  p r e s s u r e  d is t r ib u t io n  o n  t h e  b r id g e  s u r f a c e  w h e n  t h e  m a x im u m  
n e g a t iv e  p r e s s u r e  i s  o b s e r v e d  i s  a ls o  p r e s e n t e d ,  a s  s h o w n  i n  F i g u r e 1 1 c ) .  F i g u r e  1 1 a )  
p r e s e n t s  t h e  l o c a t io n  o f  t h e  b r i d g e  i n  t h e  c o m p u t a t io n a l  d o m a in  a t  t h is  in s t a n t ,  w h i c h  i s  
1 3 5  m  a w a y  f r o m  t h e  c e n t e r  o f  t h e  t o r n a d o .  F i g u r e  1 1 b )  p r e s e n t s  t h e  z o o m - in  f i g u r e  o f  
t h e  r e g io n  i n c l u d i n g  t h e  b r i d g e  i n  F i g u r e  1 1 a ) ,  w h i c h  s h o w s  th e  s t r e a m l in e s  i n  th e  
t o r n a d ic  w i n d  f i e l d  a r o u n d  t h e  b r id g e .  A t  t h is  t im e ,  t h e  p r e s s u r e  o n  t h e  b r i d g e  i s  
d o m in a t e d  b y  t h e  n e g a t iv e  p r e s s u r e .  T w o  f a c t s  c o n t r ib u t e  t o  t h is .  F i r s t ,  t h e  b r i d g e  i s
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located in the core area of the tornado, which is dominated by negative pressure; and
Second, the blockage of this bridge to the wind flow may significantly alters the
streamline, causing the air flow to accelerate to pass the bridge, which further decreases
the pressure around the bridge, based on Bernoulli Equation. The peak value of the
negative pressure coefficient is -1.98, which occurs on the two sides of the piers.
Pressure CoefficientE 1.400 \
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a) Location of the bridge b) treamline around the bridge
c) Pressure distribution on the bridge surface
Figure 10. Representative time instants when the maximum positive pressure on the
bridge surface is observed
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a) Location of the bridge b) Streamline around the bridge
c) Pressure distribution on the bridge surface
Figure 11. Representative time instants when the maximum negative pressure on the
bridge surface is observed
3.3. COMPARISON OF THE UNFAVORABLE SCENARIOS BETWEEN THE 
BRIDGE CASE UNDER TORNADIC WINDS AND UNDER THE 
EQUIVALENT STRAIGHT-LINE WINDS
Since the current wind design in AASHTO is based on straight-line winds, an 
equivalent straight-line wind field is established to obtain the wind effects induced by 
straight-line winds. By comparing the wind effects induced by tornadic winds and the 
equivalent straight-line winds, the coefficients in the wind pressure equation (in
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AASHTO) can be modified to calculate the wind pressure induced by tornadoes. Figure 
12 presents the streamlines on a horizontal plane of the equivalent straight-line wind 
field. It shows that two large vortices occur behind the two bridge abutments, which is 
because the abutments are bluff bodies and will significantly disturb the wind flow on the 
leeward side. Figure 13 presents the time-averaged pressure distribution on the bridge 
surface under the equivalent straight-line winds. It shows that the maximum positive 
pressure coefficient occurs on the windward wall; and the maximum negative pressure 
coefficient occurs on the deck instead of the sides of piers. By comparing with the wind 
pressure induced by tornadic winds and equivalent straight-line winds, the maximum 
positive pressure coefficient occurs under tornadic winds (1.4), which is 17% higher than 
that induced by the equivalent straight-line winds (1.16); the maximum negative pressure 
coefficient under tornadic winds (1.98) is 14% higher than that under straight-line winds 
(1.71). This infers that the more unfavorable loading condition occurs under tornadic 
winds.
Figure 12. Streamlines on a horizontal plane in the equivalent straight-line wind fields
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Figure 13. Pressure distribution on bridge surface induced by the equivalent straight­
line winds
3.4. COMPARISON OF THE FORCE AND MOMENT COEFFICIENTS ACTING 
ON THE ENTIRE BRIDGE UNDER TORNADIC WINDS AND UNDER THE 
EQUIVALENT STRAIGHT-LINE WINDS
The force coefficients acting on the entire bridge under tornadic winds and under 
the equivalent straight-line winds are abstracted (see Figures. 14 and 15) and compared in 
this section. As shown in Figure 4c), the X direction is along the longitudinal direction of 
the bridge, the Y direction is perpendicular to the longitudinal direction of the bridge, and 
the Z direction is the vertical direction. By comparing Figures. 14 and 15, the maximum 
force coefficient in the X direction induced by tornadic winds is 0.8 (see Figure 14a)) 
which is 10 times greater than that induced by the equivalent straight-line winds (0.08, as 
shown in Figure 15a)). In the Z direction, the maximum force coefficient induced by 
tornadic winds is 0.62 (see Figure 14c)) is 2.3 times greater than that induced by the 
equivalent straight-line winds (0.27, as shown in Figure 15c)). In the Y direction, the 
peak value of force coefficient induced by the equivalent straight-line winds (1.33, as 
shown in Figure 15b)) is 1.1 times greater than that induced by tornadic winds (1.2, as 
shown in Figure 14b)). The time history of the force coefficients induced by tornadic
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winds exhibit two peak values, when t=14s and 34s, which are the time instants when the 
bridge passes the core radius of the tornado sequentially. From Figure 15, the force 
coefficient induced by the equivalent straight-line winds fluctuates in a small range.
a) Force coefficient in X direction
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Figure 14. Time history of force 
coefficient acting on the bridge under 
tornadic winds
Figure 15. Time history of force coefficient 




a) Moment coefficient about the X axis
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b) Moment coefficient about the Y axis
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b) Moment coefficient about the Y axis
Time (s)
c) Moment coefficient about the Z axis
Figure 16. Time history of moment 
coefficients acting on the bridge under 
tornadic winds
c) Moment coefficient about the Z axis
Figure 17. Time history of moment 
coefficient acting on the bridge under the 
equivalent straight-line winds
The moment coefficients under the two different types of winds are extracted and 
presented in Figures. 16 and 17. The maximum moment coefficients about the X axis 
under tornadic winds (5, as shown in Figure 16a)) is 3 times greater than that under the 
equivalent straight-line winds (1.65, as shown in Figure 17a)). The maximum moment
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coefficient about the Y axis induced by tornadic winds (0.59, as shown in Figure 16b)) is 
4.2 times greater than that induced by the equivalent straight-line winds (0.14, as shown 
in Figure 17b)). The maximum moment coefficient about the Z axis induced by tornadic 
winds (0.032, as shown in Figure 16c)) is 12.8 times greater than that induced by the 
equivalent straight line winds (0.0025, as shown in Figure 17c)), although both of them 
are small. The two peak values in the moment time history induced by tornadic winds are 
associated with the time instants when the bridge passes the two core radius of the 
tornado sequentially.
3.5. FORCE AND MOMENT COEFFICIENTS ACTING ON THE UNIT 
LENGTH OF BRIDGE DECK INDUCED BY TORNADIC WINDS
To investigate the force and moment coefficients on the unit length (1 m) of the 
bridge deck, ANSYS mechanical 17.1 is applied to conduct the related structural 
analysis. First, the finite element model (FEM) of the unit length of the bridge deck in the 
middle of the bridge is constructed by applying the DesignModeler in the workbench, as 
shown in Figure 18. Then, the tornadic wind pressure on the bridge deck during the last 
48s of the simulation period (while the bridge moves) obtained from the CFD simulation 
is mapped onto this FEM by using the transient load mapping technique (ANSYS 2013), 
as shown in Figure 19. Meanwhile, in order to obtain the force and the moment exerted 
on this FEM induced by the tornadic wind pressure, the fixed support boundary 
conditions are adopted on the two sides of this FEM, as shown in Figure 20. Finally, the 
total force and moment coefficients acting on this unit length of the bridge deck are
extracted.
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Figure 18. The FEM of the unit length 
of bridge deck
Figure 19. The FEM after importing the 
tornadic wind pressure onto the surface
Figure 20. The FEM after adopting fixed support at two sides
From Figure 21a), the force coefficient in the X direction (hereafter “Fx”) is very 
small. In fact, no pressure is mapped onto the surface perpendicular to the X direction 
and fixed supports are applied on these two sides. The time history of the force 
coefficients in the Y and Z directions (hereafter “Fy” and “Fz”) exhibit the trend that is 
similar to that acting on the entire bridge, as shown in Figures. 16 b) and c). Two peak 
values are observed when t=15s and 35s, which are the two-time instants when the two 
core radius of the tornado approaches the bridge sequentially. And the lowest value can 












1 10 \  20 3f  * 40 50 6
Time (s)





b) force coefficient in Y direction
K
> /
0 30 40 50 6
v i
V
c) force coefficient in Z direction
Figure 21. Time history of the force 
coefficients acting on the unit length 
bridge deck
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c) moment coefficient about Z axis
Figure 22. Time history of the moment 
coefficients acting on the unit length bridge 
deck
The time history of the moment coefficients is extracted and presented in Figure 
22. The moment coefficient about the X axis (hereafter “Mx”), as shown in Figure 22a), 
and about the y axis (hereafter “My”), as shown in Figure 22b), reveal the loading 
changes on the structure when the tornado passes the bridge. There exist two peak values 
in the time history of Mx and My, which are associated with when t=15s and 35 s; and the
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smallest value occurs when t=25 s. The phenomena can be explained by the fact that Mx 
is calculated based on Fy and My is calculated based on Fz. That is to say, the change in 
Mx and My are related to the changes in Fy and Fz. However, Mz is calculated based on 
Fx, so its magnitude exhibits very slight changes through the time history.
3.6. MODIFICATION OF THE WIND PRESSURE EQUATION IN AASHTO
The current design of bridges under wind loads is governed by the AASHTO 
Bridge Design Specifications (American Association of State Highway and 
Transportation Officials 2017). From this standard, the design wind pressure Pd is 
computed as
p  _  p  v d z  _  p  V D Z
r D — f B U  — r fi
f k i p \
\ f t 2 )Vjj  " u 1 0 0 0 0  \ f t 2
where the base wind pressure Pb = 0.05 ksf, Vb = 100 mph, and Vdz is the design velocity 
at a particular elevation.
Eq. (6) is the wind pressure induced by straight-line winds. The wind effects of 
tornadoes are completely different from those induced by straight-line winds, and thus 
cannot directly use Eq. (6) to calculate the wind pressure induced by tornadoes. In fact, 
tornadic wind loads have not been considered as a design load in the latest version (the 
8th Edition, published in 2017) of the AASHTO Bridge Design Specifications. To 
enhance the safety of bridges under tornadoes, it is necessary to update the current wind 
design specifications in AASHTO. The method used in this study is to apply the same 
Vdz (79.9 m/s at 10.5 m height) under both of the tornadic winds and their equivalent 
straight-line winds and compare their maximum time-averaged force coefficients on the 
bridge. Since the force is calculated from the pressure acting on the whole bridge, the
(6)
comparison between the force coefficients can reflect the relationship between the 
pressure on the bridge under tornadic winds and their equivalent straight-line winds.
To find out the relationship between the wind effects caused by tornadic winds 
and their equivalent straight-line winds and obtain the amplification coefficient to modify 
the wind pressure equation, the time-averaged force coefficients acting on the entire 
bridge under tornadic winds and under the equivalent straight-line winds are abstracted 
(see Figures. 23 and 24). For the bridge under straight-line winds, the 3 seconds duration 
is chosen to average the force coefficient acting on the bridge. While, for the tornadic 
case, 1 second duration is selected to calculate the time-average force coefficient acting 
on the bridge due to greater fluctuation through the time under tornadic winds. As shown 
in Figure 4c), the X direction is along the longitudinal direction of the bridge, the Y 
direction is perpendicular to the longitudinal direction of the bridge on the horizontal 
plane, and the Z direction is the vertical direction. The time history of the time-averaged 
force coefficient acting on the bridge under tornadic winds shows the typical trend of the 
wind effects caused by tornados. That is, two peak values are observed around 14 and 34 
seconds which are the time instants that bridge passes the core radius of the tornado 
sequentially. However, under the equivalent straight-line winds, the time history of the 




a) Force coefficient in X direction
b) Force coefficient in Y direction
Tie
c) Force coefficient in Z direction
a) Force coefficient in X direction
c) Force coefficient in Z direction
Figure 23. Time history of the time- 
averaged force coefficient acting on the 
bridge under tornadic winds
Figure 24. Time history of the time- 
averaged force coefficient acting on the 
bridge under the equivalent straight-line 
winds
By comparing the results from Figures. 23 and 24, the maximum force coefficient 
in the X direction induced by the tornadic winds is 0.7 (see Figure 23a)), which is 28 
times greater than that induced by the equivalent straight-line winds (0.025, as shown in 
Figure 24a)). The time-averaged force coefficient in X direction is very small under
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s t r a ig h t - l in e  w i n d s  s in c e  t h e  s t r a ig h t - l in e  w i n d s  b l o w  a lo n g  Y  d i r e c t io n  w h i c h  le a d  t o  t in y  
f o r c e  in  X  d i r e c t io n .  S o ,  t h e  c o m p a r is o n  o f  t im e  a v e r a g e d  f o r c e  c o e f f i c ie n t  i n  X  d i r e c t io n  
i s  n o t  a  r e a s o n a b le  r e f e r e n c e .  I n  t h e  Y  d ir e c t io n ,  t h e  p e a k  v a l u e  o f  t h e  t im e - a v e r a g e d  
f o r c e  c o e f f i c ie n t  in d u c e d  b y  t o r n a d ic  w i n d s  ( 1 . 1 5 ,  a s  s h o w n  i n  F i g u r e  2 3 b ) )  i s  1 . 1 3  t im e s  
s m a l le r  t h a n  t h a t  i n d u c e d  b y  t h e  e q u iv a le n t  s t r a ig h t - l in e  w i n d s  ( 1 . 3 0 5 ,  a s  s h o w n  i n  F i g u r e  
2 4 b ) ) .  I n  Z  d i r e c t io n ,  t h e  m a x im u m  a v e r a g e d  f o r c e  c o e f f i c ie n t  in d u c e d  b y  t o r n a d ic  w i n d s  
i s  0 . 5 7  ( s e e  F i g u r e  2 3 c ) ) ,  w h i c h  i s  2 .4 2  t im e s  g r e a t e r  t h a n  t h a t  in d u c e d  b y  t h e  e q u iv a le n t  
s t r a ig h t - l in e  w i n d s  ( 0 .2 3 6 ,  a s  s h o w n  i n  F i g u r e  2 4 c ) ) .  T h u s ,  t h e  h ig h e s t  r a t io  b e t w e e n  th e  
m a x im u m  t im e - a v e r a g e d  f o r c e  c o e f f i c ie n t  u n d e r  t o r n a d ic  w i n d s  a n d  t h e ir  e q u iv a le n t  
s t r a ig h t - l in e  w i n d s  i s  2 .4 2  i n  Z  d i r e c t io n ,  w h i c h  i s  b e c a u s e  o f  t h e  h i g h e r  s u c t io n  c a u s e d  
b y  th e  a t m o s p h e r ic  p r e s s u r e  d r o p  i n  t h e  t o r n a d o .  H e n c e ,  t h e  c u r r e n t  w i n d  p r e s s u r e  
e q u a t io n  c a n  b e  m o d i f i e d  b y  in t r o d u c i n g  a  c o e f f i c ie n t ,  a s  s h o w n  b e lo w :
v 2
Pn — 2.42Pn — 2.42P, v ,D Z f k i p \
\ f t 2 J
2TD  TT  . TD . _
u  b  V/2 b  1 0 0 0 0  V /
w h e r e  t h e  b a s e  w i n d  p r e s s u r e  P b =  0 . 0 5  k s f ,  V b =  1 0 0  m p h ,  a n d  V dz i s  t h e  d e s ig n  v e l o c i t y  




I n  t h is  s t u d y ,  t h e  w i n d - i n d u c e d  e f f e c t s  a c t in g  o n  t h e  b r id g e  a re  s y s t e m a t i c a l ly  
i n v e s t ig a t e d  b y  m o d e l in g  t h e  b r id g e  in t o  t h e  w i n d  f ie ld .  F o r  c o m p a r is o n ,  t h e  c a s e  in  
w h i c h  th e  b r id g e  i s  in c l u d e d  i n  t h e  t o r n a d ic  w i n d  f i e l d  a n d  t h e  c a s e  i n  w h i c h  t h e  b r id g e  i s  
in c l u d e d  in  t h e  e q u iv a le n t  s t r a ig h t - l in e  w i n d  f i e l d  a r e  s im u la t e d .  T h e  f o l l o w i n g
c o n c lu s i o n s  c a n  b e  d r a w n :
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1) For the bridge under tornadic winds, the pressure distribution on the bridge
surface is extracted at two representative time instants. The peak value of the 
positive pressure coefficient is 1.4, which occurs on the windward side, when 
the bridge is in the outer region of the tornadic computation domain; the peak 
value of the negative pressure coefficient is 1.98, which occurs on the two 
sides of the piers, when the bridge is in the core radius. For the bridge under 
the equivalent straight-line winds, the time-averaged pressure distribution on 
the bridge surface is extracted. The maximum positive pressure coefficient is 
1.16, which occurs on the windward wall, and the maximum negative pressure 
is 1.71, which occurs on the deck instead of the sides of piers. By comparing 
the wind pressure induced by tornadic winds and the equivalent straight-line 
winds, the maximum positive pressure coefficient is obtained under tornadic 
winds (1.4), which is 17% higher than that induced by the equivalent straight­
line winds (1.16); the maximum negative pressure coefficient is also obtained 
under tornadic winds (1.98), which is 14% higher than that induced by the 
equivalent straight-line winds (1.71). These results infer that the more 
unfavorable extreme loading occurs when the bridge is under tornadic winds.
2) The force coefficients acting on the entire bridge under tornadic winds and
their equivalent straight-line winds are abstracted and compared. The 
maximum force coefficient in X direction induced by the tornadic winds (0.8) 
is 10 times greater than that induced by the equivalent straight-line winds 
(0.08). In Z direction, the maximum force coefficient induced by tornadic 
winds (0.62) is 2.3 times greater than that induced by the equivalent straight­
line winds (0.27). While, in Y direction, the peak value of force coefficient 
induced by the equivalent straight-line winds (1.33) is close to that induced by 
tornadic winds (1.2). The results illustrate that the wind effects acting on the 
bridge induced by the tornadic winds are more favorable.
3) For the wind effects acting on the unit length FEM of the bridge deck, the force
coefficient in X direction is very small since no pressure is mapped onto the 
surface perpendicular to the X direction. The time history of the force 
coefficients in the Y and Z directions show the typical trend that two peak 
values are exhibited when the bridge approaches the core radius of tornado 
sequentially. And the lowest value can be observed when t=25 s, which is the 
time instant when the bridge locates in the tornado center. The trend of the 
time history of the force coefficient for the unit length FEM is similar to that 
acting on the entire bridge.
4) Time-averaged force coefficients acting on the bridge under the tornadic 
winds and their equivalent straight-line winds are extracted and compared.
The maximum force coefficient in X direction induced by tornadic winds is 
much greater than that induced by the equivalent straight-line winds. But that 
ratio is not reasonable to adopt. The maximum magnitude of the time- 
averaged force coefficient in Y direction induced by tornadic winds (1.15) is 
very close to that induced by the equivalent straight-line winds (1.305). In Z 
direction, the peak value of the time-averaged force coefficient induced by 
tornadic winds (0.57) is 2.42 times greater than that induced by the equivalent
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straight-line winds (0.236). And 2.42 is applicable to modify the current wind 
pressure equation.
The obtained research results illustrate that the bridge experiences more 
unfavorable conditions under tornadic winds when compared with that under their 
equivalent straight-line winds, which suggest that the current equation in AASHTO is not 
eligible to design the tornado resistance. Therefore, to achieve the tornado resistant 
design, the equations in AASHTO should be appropriately modified. Currently, 
“Simplified Method” for tornado-resistant design is used to modify the current equation 
by adding a coefficient to it. Through the comparisons between the results of these two 
cases presented in this paper, 2.42 is considered as the reasonable coefficient to modify 
the current pressure design equation in AASHTO.
The currently obtained results only depend on the particular bridge and wind 
field. In the future, systematic simulations will be conducted to investigate how the 
current trend will be influenced when the relative wind attack angle between the tornado 
and the bridge changes and when the tornado intensity changes by modifying the swirl 
ratio. Then, the amplification coefficient, 2.42 here, can be advanced to handle more 
comprehensive conditions.
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IV. INVESTIGATION OF TORNADIC WIND EFFECTS ON A CABLE-STAYED 
BRIDGE FOR GUIDANCE ON DESIGN TORNADIC WIND LOADING
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ABSTRACT
A c c o r d i n g  t o  th e  s t a t is t ic a l  d a ta , t h ir t e e n  b r i d g e s  w e r e  d a m a g e d  o r  s e v e r e ly  
d e s t r o y e d  b y  t o r n a d o e s  i n  th e  U n it e d  S t a t e s  a n d  d e s i g n i n g  b r i d g e s  t o  r e s i s t  e x t r e m e  w i n d -  
in d u c e d  e f f e c t s  h a s  a lw a y s  b e e n  a  s a f e t y  c o n c e r n  i n  A A S H T O  a n d  t h e  e n g in e e r in g  
c o m m u n it y .  C u r r e n t l y ,  t h e  w i n d  d e s ig n  i n  A A S H T O  i s  b a s e d  o n  t h e  s t r a ig h t - l in e  w in d s ,  
w h i l e  n o  s p e c i f i c a t i o n  o n  d e s ig n  o f  t o r n a d ic  w i n d  lo a d s  h a s  b e e n  in c lu d e d  e v e n  i n  th e  
la t e s t  v e r s i o n  o f  t h e  A A S H T O  B r i d g e  D e s i g n  S p e c i f i c a t i o n s  ( 8 t h  E d i t i o n  2 0 1 7 ) .  
T h e r e f o r e ,  i t  i s  i m p e r a t iv e  to  a c q u ir e  th e  t o r n a d o - in d u c e d  e f f e c t s  o n  b r i d g e s  a n d  i t s  
r e le v a n t  w in d - r e s i s t a n t  p e r f o r m a n c e .  I n  t h is  s t u d y ,  th e  w i n d  e f f e c t s  in d u c e d  b y  t o r n a d o e s  
o n  th e  c a b le - s t a y e d  b r i d g e s  w i l l  b e  in v e s t ig a t e d ,  t o  p r o t e c t  t h is  k i n d  o f  b r i d g e  f r o m  
c o l la p s in g  o r  b e in g  s e v e r e ly  d e s t r o y e d  i n  f u t u r e  t o r n a d o  in c id e n t s  a n d  r e d u c e  th e  t o r n a d o -  
in d u c e d  lo s s e s .  T h e  r e la t io n s h ip  b e t w e e n  th e  w i n d  e f f e c t s  a c t in g  o n  th e  c a b le - s t a y e d  
b r i d g e  in d u c e d  b y  t o r n a d ic  w i n d s  a n d  t h e ir  e q u iv a le n t  s t r a ig h t - l in e  w i n d s  a re  s t u d ie d  b y  
a p p ly i n g  t h e  c o m p u t a t io n a l  f l u i d  d y n a m i c s  ( C F D )  s im u la t io n s .  T h e  o b t a in e d  r e s u lt s  w i l l  
b e  h e lp f u l  t o  f a c i l i t a t e  t h e  t o r n a d o - r e s is t a n c e  d e s ig n  o f  c a b le - s t a y e d  b r i d g e s  a n d  r e in f o r c e  
th e  e x i s t i n g  c a b le - s t a y e d  b r id g e s  to  b e  t o r n a d o  r e s is t a n t .  T h i s  w i l l  e v e n t u a l ly  p r e v e n t
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c a b le - s t a y e d  b r id g e s  f r o m  c a t a s t r o p h ic  f a i l u r e  u n d e r  t o r n a d o e s  a n d  p r o m o t e  t h e  s a f e t y  o f  
h i g h w a y  a n d  r a i l r o a d  b r id g e s .
Keywords: C F D ,  t o r n a d ic  w i n d  f ie ld ,  s t r a ig h t - l in e  w i n d  f ie ld ,  c a b le - s t a y e d  b r id g e .
1. INTRODUCTION
N o w a d a y s ,  m o r e  a n d  m o r e  b r id g e s  h a v e  b e e n  c o n s t r u c t e d  t h r o u g h o u t  t h e  w o r ld  to  
m e e t  t h e  e c o n o m ic  a n d  s o c ia l  r e q u ir e m e n t s .  I t  i s  o n e  o f  t h e  m o s t  s ig n i f i c a n t  i s s u e s  to  
g u a r a n t e e  th e  s a f e t y  o f  b o t h  n e w  a n d  e x i s t i n g  l a r g e  s p a n  b r i d g e s  a g a in s t  d y n a m i c  
l o a d i n g s  s u c h  a s  w in d .  H o w e v e r ,  t h e  in c r e a s i n g  s p a n  h a s  c a u s e d  b r id g e s  m u c h  m o r e  
s e n s i t iv e  t o  w i n d - i n d u c e d  e f f e c t s ,  w h i c h  c o u ld  r e s u lt  i n  s i g n i f i c a n t l y  s e v e r e  s t r u c t u r e  
f a i lu r e s ,  s u c h  a s  t h e  T a c o m a  N a r r o w s  i n  1 9 4 0  ( B i l l a h ,  1 9 9 1 ) ,  t h e  E l r o d  B r i d g e  d is a s t e r  in  
1 9 9 5  ( L e e ,  2 0 1 3 )  a n d  th e  m o s t  i n f l u e n c i n g  K i n z u a  B r i d g e ’ s c o l la p s e  i n  2 0 0 3  ( L e e c h ,  
2 0 0 5 ) .  T o  p r e v e n t  t h e  a n a lo g o u s  f a i l u r e s  o n  b r i d g e s  a n d  e n s u r e  i t s  r e la t iv e  s e r v i c e a b i l i t y  
a n d  s e c u r it y ,  m a n y  r e s e a r c h e s  a re  f o c u s e d  o n  t h e  e x c i t a t io n  r e s p o n s e  a n d  a e r o e la s t ic  
s t a b i l i t y  o f  b r i d g e s  u n d e r  w i n d s  ( L i  ( 2 0 0 4 ) ,  B a i  ( 2 0 1 0 ) ,  D i a n a  ( 2 0 1 3 ) ,  A r g e n t i n i  ( 2 0 1 6 )  
e tc ) .
C a b l e - s t a y e d  b r id g e ,  w h i c h  i s  a  c o n t in u o u s  g i r d e r  b r i d g e  t h a t  a  s e r ie s  o f  c a b le s  
w o u l d  s u p p o r t  t h e  w e ig h t  o f  b r id g e  d e c k  a n d  w o u l d  r u n  d i r e c t l y  t o  t h e  s u p p o r t  p i l la r s ,  h a s  
t h e  s e c o n d - lo n g e s t  s p a n n in g  c a p a c i t y  ( a f t e r  c a b le - s u s p e n s io n  b r i d g e )  a n d  i s  p r a c t ic a l l y  
p r o p e r  f o r  b r id g e  s p a n s  u p  t o  1 0 0 0  m , s u c h  a s  t h e  R u s s k y  B r i d g e  w i t h  a  m a in  s p a n  le n g t h  
1 1 0 4  m , S u t o n g  Y a n g t z e  R i v e r  B r i d g e  w i t h  a  m a in  s p a n  le n g t h  1 0 8 8  m , S t o n e c u t t e r s  
B r i d g e  w i t h  a  m a in  s p a n  le n g t h  1 0 1 8  m , e tc . I t  i s  n o t a b le  t h a t  t h e  c a b le - s t a y e d  b r id g e
w o u l d  b e  m o r e  s e n s i t iv e  t o  w i n d  e x c it a t io n s  d u e  t o  i t s  in c r e a s i n g  s p a n . T h u s ,  th e  
a e r o d y n a m ic  a n d  a e r o s t a t ic  a n a l y s i s  f o r  w i n d - s t r u c t u r e  in t e r a c t io n  w o u l d  b e  o n e  o f  
p a r a m o u n t  f a c t o r s  i n  t h e  d e s ig n  o f  c a b le - s t a y e d  b r id g e s .  D i v e r s e  r e s e a r c h  m e t h o d s  h a v e  
b e e n  u s e d  to  r e v e a l  t h e  c h a r a c t e r i s t i c s  o f  in t e r a c t io n  b e t w e e n  w i n d  a n d  c a b le - s t a y e d  
b r id g e s .
L a b o r a t o r y  e x p e r im e n t a t io n  i s  a n  e f f i c ie n t  w a y  t o  b e t t e r  u n d e r s t a n d  t h e  
a e r o d y n a m ic  b e h a v io r  a n d  f o r c e  d is t r ib u t io n  o f  c a b le - s t a y e d  b r id g e s .  B o s c h  ( 1 9 7 8 )  
i n v e s t ig a t e d  t h e  a e r o d y n a m ic  s t a b i l i t y  o f  L u l i n g  c a b le - s t a y e d  B r i d g e  a n d  t e s t e d  t h e  b r id g e  
e x p e r im e n t a l ly  f o r  f lu t t e r  i n  t h e  w i n d  t u n n e l.  T h e n  N a m i n i  ( 1 9 9 2 )  p r o p o s e d  a  r e l ia b le  p K -  
F  m e t h o d  t o  im p le m e n t  t h e  f in i t e  e le m e n t - b a s e d  f lu t t e r  a n a l y s i s  o f  c a b le - s u s p e n d e d  
b r i d g e  a n d  c o n f i r m e d  t h a t  t h e  m e t h o d  i s  a ls o  a p p l i c a b le  f o r  L u l i n g  c a b le - s t a y e d  B r i d g e .  
B i e n k i e w i c z  ( 1 9 8 7 )  i n v e s t ig a t e d  t h e  e f f e c t s  o f  m o d i f y i n g  t h e  g e o m e t r y  o f  c a b le - s t a y e d  
b r i d g e  i n  a  w i n d  t u n n e l  t e s t  a n d  s t u d ie d  i t s  r e la t iv e  a e r o d y n a m ic  r e s p o n s e .  C o n t i  ( 1 9 9 6 )  
i n v e s t ig a t e d  t h e  a e r o e la s t ic  b e h a v io r  o f  N o r m a n d i e  B r i d g e  a n d  c o m p a r e d  t h e  w i n d  e f f e c t  
t o  t h e  d e s ig n  c a l c u la t io n  a n a ly s e s  t h a t  b a s e  o n  a  q u a s i - s t e a d y  a e r o d y n a m ic  a p p r o a c h  to  
v a l id a t e  t h e  a c c u r a c y  b e t w e e n  m o d e l  t e s t  a n d  d e s ig n  m e t h o d .  C a o  ( 2 0 1 9 )  f o c u s e d  o n  th e  
d i s t r ib u t io n  o f  w i n d  p r e s s u r e  a n d  f o r c e  c o e f f i c ie n t s  o n  a  b r i d g e  d e c k  o f  c a b le - s t a y e d  
b r i d g e  b y  a p p ly i n g  t h e  T o r n a d o  V o r t e x  S im u l a t o r  ( T V S )  i n  T o n g j i  U n i v e r s i t y  i n  C h i n a .  
T h e n  h e  o b s e r v e d  c le a r  d i s c r e p a n c ie s  i n  w i n d  d is t r ib u t io n  b e t w e e n  t h e  r e s u lt s  f r o m  w i n d  
t u n n e l  a n d  s im u la t e d  t o r n a d o  t e s t s ,  a n d  s u m m a r iz e d  t h a t  t h e  q u a s i - s t e a d y  a e r o d y n a m ic  
a p p r o a c h  i s  a p p l i c a b le  t o  e v a lu a t e  t h e  t o r n a d o - in d u c e d  t o t a l  d r a g  f o r c e ,  t o t a l  y a w i n g  f o r c e  
a n d  t o t a l  u p l i f t  m o m e n t  c o e f f i c ie n t s ,  w h i l e  i n a p p l i c a b l e  f o r  t o t a l  p i t c h i n g  a n d  t o t a l  r o l l i n g
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F i e l d  m e a s u r e m e n t  i s  a n o t h e r  e f f e c t iv e  m e t h o d  t o  a c q u ir e  t h e  d ir e c t  i n f o r m a t io n  
a b o u t  c a b le - s t a y e d  b r id g e s .  W a n g  ( 2 0 1 3 )  u s e d  t h e  S t r u c t u r a l  H e a l t h  M o n i t o r in g  S y s t e m  
( S H M S ) ,  i n c l u d i n g  t h e  3 - D  u l t r a s o n ic  a n e m o m e t e r s ,  to  in v e s t ig a t e  t h e  t u r b u le n t  
c h a r a c t e r i s t i c s  o f  S u t o n g  b r id g e .  H e  c o m p a r e d  t h e  c a lc u la t e d  r e s u lt s  t o  t h e  r e c o m m e n d e d  
v a l u e  o f  e x i s t i n g  s p e c i f i c a t i o n s ,  t h e n  c o n c lu d e d  t h a t  t h e  v a l u e  o f  m e a s u r e d  t u r b u le n c e  
in t e n s it y  i s  la r g e r  t h a n  t h e  c o r r e s p o n d in g  v a l u e  i n  s p e c i f i c a t io n s ,  a n d  t h e  m e a n  w i n d  
s p e e d  w o u l d  in c r e a s e  a s  t h e  t u r b u le n c e  in t e n s it y  d e c r e a s e s .  W a n g  ( 2 0 1 8 )  a p p l ie d  th e  
b r i d g e  h e a l t h - m o n i t o r in g  t o o ls  o n  S u t o n g  c a b le - s t a y e d  b r id g e  t o  i m p le m e n t  t h e  r e a l - t im e  
d e t e c t io n  o f  w in d - r e s i s t a n t  p e r f o r m a n c e  a n d  o b t a in  t h e  w i n d  f e a t u r e s  o n  t h e  f i e l d  s ite .
M o r e o v e r ,  n u m e r ic a l  m e t h o d s  a r e  a ls o  a p p l ie d  t o  f u r t h e r  in v e s t ig a t e  t h e  w i n d  
e f f e c t s  o n  c a b le - s t a y e d  b r i d g e s  a n d  v a l id a t e  t h e  e f f i c ie n c y  o f  t r a d it io n a l  e x p e r im e n t a l  
m e t h o d s .  K i m  ( 2 0 1 4 )  c o n d u c t e d  th e  s t u d y  b y  u s i n g  C o m p u t a t io n a l  F l u i d  D y n a m i c s  
( C F D )  t o  a n a l y z e  t h e  b u f f e t i n g  e f f e c t s  o f  a  f u l l - s i z e  3 D  c a b le - s t a y e d  b r i d g e  m o d e l .  H e  
s h o w e d  t h a t  th e  r e s u lt s  f r o m  t h e  c o m p u t a t io n a l  a n a l y s i s  c o i n c i d e  w i t h  t h e  r e s u lt s  f r o m  th e  
c o n v e n t io n a l  a n a l y s i s  a n d  t h e  C F D  a n a l y s i s  c a n  b e  a  r e a s o n a b le  s u b s t it u t e  t o  w i n d  t u n n e l  
e x p e r im e n t s .  E r d e m  ( 2 0 1 6 )  u s e d  t h e  C F D + +  s o f t w a r e / c o m p u t e r  p r o g r a m  a n d  
i n v e s t ig a t e d  t h e  a e r o d y n a m ic  b e h a v io r  o f  t h e  N i s s i b i  c a b le - s t a y e d  B r i d g e .  H e  c o n d u c t e d  
t h e  b i - d i r e c t i o n a l  a n a l y s i s  ( w h i c h  m e a n s  t h e  w i n d  f l o w  i s  p e r p e n d ic u la r  a n d  p a r a l le l  to  
t h e  b r id g e  d e c k )  t o  s t u d y  t h e  w i n d  e f f e c t s  e x e r t in g  o n  t h e  b r id g e .
H o w e v e r ,  s e ld o m  h a s  t h e  p r e v io u s  r e s e a r c h  f o c u s e d  o n  t h e  r e la t io n s h ip  b e t w e e n  
t h e  w i n d  e f f e c t s  a c t in g  o n  c a b le - s t a y e d  b r id g e s  c a u s e d  b y  t h e  t o r n a d ic  w i n d s  a n d  t h e ir  
e q u iv a le n t  s t r a ig h t - l in e  w in d s .  T o  b r id g e  t h is  r e s e a r c h  g a p ,  i n  t h is  s t u d y ,  t h e  t o r n a d ic  
w i n d  f i e l d  i s  s im u la t e d  a n d  t h e  t o r n a d o - in d u c e d  w i n d  e f f e c t s  a c t in g  o n  a  c a b le - s t a y e d
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b r i d g e  a re  e x t r a c t e d  a n d  c o m p a r e d  w i t h  t h a t  in d u c e d  b y  i t s  e q u iv a le n t  s t r a ig h t - l in e  w i n d  
f ie ld .  T h e  r e m a in d e r  o f  t h is  s t u d y  i s  o r g a n iz e d  a s  f o l l o w s .  F i r s t ,  a  c a b le - s t a y e d  b r i d g e  i s  
b u i l t  a n d  p la c e d  in t o  a  t o r n a d ic  w i n d  f i e l d  a n d  i t s  e q u iv a le n t  s t r a ig h t - l in e  w i n d  f i e l d  b y  
e m p l o y i n g  P o i n t w i s e  a n d  t h e  C o m p u t a t io n a l  F l u i d  D y n a m i c s  ( C F D )  s im u la t io n .  S e c o n d ,  
t h e  a p p l ie d  C F D  s im u la t io n  s t r a t e g ie s  w i l l  b e  v a l id a t e d  b y  c o m p a r in g  t h e  r e s u lt  o f  
s im u la t io n  w i t h  r a d a r - m e a s u r e d  d a t a  o f  t h e  r e a l - w o r l d  t o r n a d o .  F i n a l l y ,  t h e  w i n d  e f f e c t s  
a c t in g  o n  c a b le - s t a y e d  b r i d g e  in d u c e d  b y  t o r n a d ic  w i n d s  a n d  t h e ir  e q u iv a le n t  s t r a ig h t - l in e  
w i n d s  w i l l  b e  c o m p a r e d ,  i n  t e r m s  o f  t h e  w i n d  p r e s s u r e  o n  c a b le - s t a y e d  b r i d g e  s u r f a c e  a n d  
t h e  t o t a l  f o r c e s  a n d  m o m e n t s  a c t in g  o n  t h e  e n t ir e  c a b le - s t a y e d  b r i d g e  a n d  i t s  F in i t e  
E l e m e n t  M o d e l  ( F E M )  o f  u n i t  le n g t h .
2. SIMULATED CASES AND SIMULATION SETUP
2.1. DESCRIPTION OF THE CABLE-STAYED BRIDGE
I n  t h is  s t u d y ,  a  c a b le - s t a y e d  b r i d g e  i s  e s t a b l is h e d .  T h i s  c a b le - s t a y e d  b r i d g e  h o ld s  
t w o  t r a f f i c  la n e s  w i t h  1 2 .1 9 m  w i d t h  a n d  2 7 4 . 3 2 m  le n g t h .
T h e  m o d e l  d e s ig n  s o f t w a r e ,  P o i n t w i s e ,  i s  e m p lo y e d  t o  b u i l d  a n d  m e s h  t h e  b r id g e  
m o d e l .  T h e  c o n c e p t u a l  g r a p h  o f  t h e  3 D  m o d e l  o f  t h e  c a b le - s t a y e d  b r i d g e  i s  p r e s e n t e d  in  
F i g u r e  1 a ). F i g u r e  1 b )  s h o w s  t h e  m o d e l  o f  t h e  c a b le - s t a y e d  b r id g e  i n  P o in t w is e .  F i g u r e  
1 c )  p r e s e n t s  t h e  z o o m - in  p ic t u r e  o f  t h e  r e d  c i r c l e  r e g io n ,  w h i c h  s h o w s  t h e  d e t a i ls  
i n c l u d i n g  t h e  I - s h a p e  g i r d e r s  a n d  t h e  d ia p h r a g m  p la t e s .
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a )  3 D  m o d e l  o f  t h e  c a b le - s t a y e d  b r id g e
b )  T h e  m o d e l  o f  t h e  c a b le - s t a y e d  b r id g e  i n  P o in t w is e
c )  C r o s s  s e c t io n  o f  th e  b r id g e  d e c k  
F ig u r e  1. M o d e l  o f  th e  c a b le - s t a y e d  b r id g e
2.2. SIMULATED TORNADIC WIND FIELD
T h e  t o r n a d ic  w i n d  f i e l d  o f  th e  S p e n c e r ,  S D  T o r n a d o  o f  3 0  M a y  1 9 8 8  i s  s im u la t e d  
b y  e m p l o y i n g  a  c y l i n d r i c a l  c o m p u t a t io n a l  d o m a in  w i t h  a  v e l o c i t y  in l e t  a n d  p r e s s u r e  
o u t le t ,  a s  s h o w n  i n  F ig u r e  2 . T h e  s im u l a t i o n  i s  f u l l - s c a l e .  T h e  h e ig h t  o f  th e  v e l o c i t y  in le t  
i s  1 0 0  m ;  th e  r a d iu s  o f  th e  c o m p u t a t io n a l  d o m a in  a n d  th e  p r e s s u r e  o u t le t  a re  8 0 0  m  a n d
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3 4 0  m ,  s e p a r a t e l y .  T h e  v e l o c i t y  i n p u t  p r o f i l e s  a t  t h e  b o u n d a r y  o f  v e l o c i t y  i n l e t  a r e  d e f i n e d  
i n  E q s .  ( 1 ) ,  ( 2 )  a n d  ( 3 ) .  T h e  t a n g e n t i a l  v e l o c i t y  p r o f i l e  a l o n g  h e i g h t  a n d  t h e  r a d i a l  v e l o c i t y  
p r o f i l e  a l o n g  h e i g h t  a r e  t h e  r e g r e s s i o n  e q u a t i o n s  o f  t h e  r a d a r - m e a s u r e d  v e l o c i t y  d a t a  a t  
t h e  r a d i u s  o f  8 0 0  m  o f  t h e  S p e n c e r ,  S D  t o r n a d o  o f  3 0  M a y  1 9 8 8 ,  a c c o r d i n g  t o  L i  a n d  Y a n  
( 2 0 1 9 ) .  A l l  o t h e r  b o u n d a r y  c o n d i t i o n s  a r e  d e f i n e d  a s  s y m m e t r y .
T a n g e n t i a l  v e l o c i t y :  V t =  2 0 . 6 1 ( Z / 2 0 ) 0 1 7 7 4 ( 1 )
0 .1 6 9
R a d i a l  v e l o c i t y :  Vr  =  - 3 1 . 3 4  ( — ) Z  <  2 0  m ( 2 )
0 .1 8 2 6
=  4 5 . 1 4  ( — )  - 7 6 . 4 8 Z  >  2 0  m ( 3 )
w h e r e  Z  i s  t h e  h e i g h t  f r o m  t h e  g r o u n d  s u r f a c e .
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2.3. TORNADIC WIND FIELD AND ITS EQUIVALENT STRAIGHT-LINE 
WIND FIELD INCLUDING THE CABLE-STAYED BRIDGE
T w o  c a s e s  a re  s im u la t e d  a n d  c o m p a r e d  i n  t h is  s t u d y .  F o r  t h e  f i r s t  c a s e ,  t h e  c a b le -  
s t a y e d  b r i d g e  i s  p la c e d  in t o  t h e  t o r n a d ic  w i n d  f i e l d  d e m o n s t r a t e d  a b o v e  ( s e e  F i g u r e  2 ) ,  
w h i c h  i s  t o  s im u la t e  t h e  s c e n a r io  t h a t  a  t o r n a d o  p a s s e s  t h e  c a b le - s t a y e d  b r id g e ,  a s  s h o w n  
i n  F i g u r e  3 ( a ) .  F o r  t h e  s e c o n d  c a s e ,  t h e  c a b le - s t a y e d  b r id g e  i s  p r e s e n t e d  i n  t h e  e q u iv a le n t  
s t r a ig h t - l in e  w i n d  f ie ld ,  w h i c h  i s  t o  s im u la t e  t h e  s c e n a r io  t h a t  t h e  s t r a ig h t - l in e  w i n d  b l o w s  
t o  t h e  c a b le - s t a y e d  b r id g e ,  a s  s h o w n  i n  F i g u r e  3 ( b ) .
( a )  T o r n a d i c  w i n d  f i e l d  i n c l u d i n g  t h e  c a b le - s t a y e d  b r id g e
( b )  E q u i v a l e n t  s t r a ig h t - l in e  w i n d  f i e l d  i n c l u d i n g  t h e  c a b le  s t a y e d  b r i d g e  
F i g u r e  3 . C o m p u t a t io n a l  d o m a in s  f o r  t h e  s im u la t e d  c a s e s
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T h e  c o m p u t a t i o n a l  d o m a i n  o f  t h e  s t r a i g h t - l i n e  w i n d  f i e l d  i s  d e s i g n e d  a c c o r d i n g  t o  
F r a n k e  ( 2 0 0 6 ) .  T h e  d i s t a n c e s  b e t w e e n  t h e  v e l o c i t y - i n l e t  o r  p r e s s u r e - o u t l e t  b o u n d a r i e s  a n d  
t h e  c a b l e - s t a y e d  b r i d g e  a r e  m o r e  t h a n  5 H  a n d  1 5 H  r e s p e c t i v e l y ,  w h e r e  H  i s  t h e  h e i g h t  o f  
t h e  c a b l e - s t a y e d  b r i d g e ’ s  d e c k .  T h e  b l o c k a g e  r a t i o  i s  1 . 4 % ,  w h i c h  s a t i s f i e s  t h e  
r e q u i r e m e n t  o f  t h e  s t r a i g h t - l i n e  w i n d  t u n n e l  t e s t .  T h e  v e l o c i t y  i n p u t  i s  b a s e d  o n  a  p o w e r -  
l a w  p r o f i l e  a n d  t h e  e x p o n e n t  o f  t h e  p o w e r - l a w  i s  0 . 1 4 ,  a s  s h o w n  i n  E q .  ( 4 ) ,  w h i c h  i s  t o  
s i m u l a t e  t h e  s c e n a r i o  o f  t h e  o p e n  t e r r a i n .  T h e  m a x i m u m  r e s u l t a n t  v e l o c i t y  ( t h e  r e s u l t a n t  
v e l o c i t y  o f  t a n g e n t i a l  a n d  r a d i a l  v e l o c i t i e s )  a t  t h e  h e i g h t  o f  c a b l e - s t a y e d  b r i d g e ’ s  d e c k  
( H r  =  6 . 8 5  m )  i s  8 1 . 1  m / s  i n  t h e  t o r n a d i c  w i n d  f i e l d .  T h e r e f o r e ,  t h e  v e l o c i t y  p r o f i l e  
a p p l i e d  t o  t h e  v e l o c i t y  i n p u t  i s  e x p r e s s e d  a s  b e l o w
Vs =  8 1 . 1  ( Z / H r ) 011  ( 4 )
w h e r e  Vs  d e n o t e s  t h e  v e l o c i t y  a t  d i f f e r e n t  h e i g h t s ;  H r  d e n o t e s  t h e  r e f e r e n c e  h e i g h t  ( H r =  
6 . 8 5  m )  a n d  Z  d e n o t e s  t h e  h e i g h t  a b o v e  g r o u n d .
2.4.CFD SIMULATION SETUP
F o r  t h e  t o r n a d i c  w i n d s ,  t h e  C F D  s i m u l a t i o n  i s  b a s e d  o n  L a r g e  E d d y  S i m u l a t i o n ,  
w h i c h  i s  g o v e r n e d  b y  f i l t e r e d  t i m e - d e p e n d e n t  N a v i e r - S t o k e s  e q u a t i o n s .  M o m e n t u m  a n d  
m a s s  a r e  a s s u m e d  t o  b e  m a i n l y  t r a n s p o r t e d  b y  l a r g e  e d d i e s ,  w h i c h  a r e  d i r e c t l y  s o l v e d  
f r o m  t h e  e q u a t i o n s ,  w h i l e  s m a l l  e d d i e s  a r e  n u m e r i c a l l y  m o d e l e d  w i t h  t h e  W A L E  ( C w a l e  
=  0 . 3 2 5 )  s u b g r i d  m o d e l  ( N i c o u d  a n d  D u c r o s ,  1 9 9 9 ) .  I n  t h i s  c a s e ,  t h e  s e g r e g a t e d  i m p l i c i t  
s o l v e r  i s  u s e d  t o  s o l v e  t h e  g o v e r n i n g  e q u a t i o n s  w i t h  a  S I M P L E C  ( S e m i - I m p l i c i t  M e t h o d  
f o r  P r e s s u r e  L i n k e d  E q u a t i o n - C o n s i s t e n t )  m e t h o d  f o r  P r e s s u r e - v e l o c i t y  C o u p l i n g ,  a s  t h e  
S I M P L E C  s c h e m e  u s u a l l y  h a s  a  b e t t e r  c o n v e r g e n c e  t h a n  P I S O  ( P r e s s u r e - I m p l i c i t  w i t h
S p l i t t i n g  o f  O p e r a t o r s )  f r o m  V a n  D o o r m a a l  a n d  R a i t h b y  ( 1 9 8 4 ) .  I n  o r d e r  t o  g e n e r a t e  a  
s t a t io n a r y  t o r n a d ic  w i n d  f i e l d  w h e n  t h e  c a b le - s t a y e d  b r i d g e  i s  in c l u d e d  i n  t o r n a d ic  w in d s ,  
t h e  s im u la t io n  i s  r u n  f o r  2 6 0  s  a t  f i r s t .  I n  t h e  r e a l - w o r l d  s it u a t io n ,  t h e  c a b le - s t a y e d  b r id g e  
i s  s t a t io n a r y  w h i l e  t h e  t o r n a d o  k e e p s  m o v i n g .  T o  r e a l i z e  t h e  m o v e m e n t  o f  t h e  t o r n a d o ,  a  
r e la t iv e  m o t io n  b e t w e e n  t h e  c a b le - s t a y e d  b r i d g e  a n d  t h e  g r o u n d  s u r f a c e  o f  th e  
c o m p u t a t io n a l  d o m a in  i s  e s t a b l is h e d ,  b y  m o v i n g  t h e  c a b le - s t a y e d  b r i d g e  t o  t h e  o p p o s it e  
d i r e c t io n  w i t h  t h e  s a m e  s p e e d  a s  t o r n a d o  t r a n s la t io n  ( 1 5 m / s ) .  T h e  L a y e r i n g  t e c h n iq u e  i s  
a d o p t e d  a s  th e  d y n a m i c  m e s h in g  m e t h o d  a n d  a n o t h e r  4 8  s  i s  r u n  f o r  s im u l a t i n g  th e  
t r a n s la t io n  o f  t h e  t o r n a d o .  T h e  t im e  s te p  o f  t h e  s im u la t io n  i s  0 .0 1  s. T h e  t o t a l  n u m b e r  o f  
c e l l s  i s  a p p r o x im a t e ly  1 0  m i l l i o n  f o r  t h e  c a s e  o f  t o r n a d ic  w i n d  f i e l d s  i n c l u d i n g  t h e  c a b le -  
s t a y e d  b r id g e .
F o r  t h e  e q u iv a le n t  s t r a ig h t - l in e  w in d s ,  t h e  t u r b u le n t  in t e n s it y  i s  1 0 %  a n d  t u r b u le n t  
v i s c o s i t y  r a t io  i s  0 .0 1 .  K  o r  t u r b u le n t  i n t e n s it y  i s  a d o p t e d  a s  t h e  R e y n o l d s  S t r e s s  
S p e c i f i c a t i o n  m e t h o d .  T h e  t im e  s te p  o f  t h e  s im u la t io n  i s  0 .0 1  s a n d  t h e  a m o u n t  o f  th e  
s t e p s  a re  3 6 0 0 .  T h e  t o t a l  n u m b e r  o f  c e l l s  i s  a p p r o x im a t e ly  9 .8  m i l l i o n  f o r  th e  c a s e  o f  th e  
e q u iv a le n t  s t r a ig h t - l in e  w i n d  f i e l d  i n c l u d i n g  t h e  c a b le - s t a y e d  b r id g e .
3. SIMULATION RESULTS
3.1. VALIDATION OF THE SIMULATED TORNADIC WIND FIELD
F i g u r e  4  p r e s e n t s  t h e  t a n g e n t ia l  v e l o c i t y  p r o f i le  a lo n g  t h e  r a d iu s  a t  t h e  e le v a t io n  
o f  8 0  m . F o r  t h e  r e s u lt  o f  n u m e r ic a l  s im u la t io n ,  t h e  t a n g e n t ia l  v e l o c i t y  p r o f i le  i s  t im e -  
a v e r a g e d  f o r  t h e  p e r io d  o f  2 6 0  s t o  3 0 0  s, a s  s h o w n  i n  t h e  r e d  g r a p h .  T o  v a l id a t e  th e
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s im u la t e d  r e s u lt ,  t h e  t a n g e n t ia l  v e l o c i t y  p r o f i le  e x t r a c t e d  f r o m  t h e  r a d a r - m e a s u r e d  d a t a  o f  
t h e  S p e n c e r ,  S D  t o r n a d o  o f  3 0  M a y  1 9 8 8 ,  i s  a ls o  p r e s e n t e d  in  F i g u r e  4 ,  a s  s h o w n  i n  th e  
b l a c k  g r a p h .  T h e s e  t w o  g r a p h s  m a t c h  e a c h  o t h e r  r e a s o n a b ly  w e l l  i n  t e r m s  o f  th e  
m a x im u m  t a n g e n t ia l  v e l o c i t y  a n d  t h e  c o r e  r a d iu s ,  v a l i d a t i n g  t h e  n u m e r ic a l  s im u la t io n  o f  
t h e  t o r n a d ic  w i n d  f ie ld .
T h e  in s t a n t a n e o u s  t a n g e n t ia l  v e l o c i t y  d i s t r ib u t io n  o n  t h e  h o r i z o n t a l  p la n e  o f  8 0  m  
a t  2 7 0  s  i s  p r e s e n t e d  i n  F i g u r e  5 . T h e  c o l o r  r e p r e s e n t s  t h e  m a g n it u d e  o f  t a n g e n t ia l  
v e l o c i t y  a n d  t h e  a r r o w s  r e p r e s e n t  t h e  d ir e c t io n  o f  t h e  r e s u lt a n t  v e l o c i t y  o f  t a n g e n t ia l  a n d  
r a d ia l  c o m p o n e n t s .  O u t s i d e  t h e  c o r e  r e g io n ,  t h e  w i n d  f l o w  c o n v e r g e s  t o w a r d s  t h e  t o r n a d o  
c e n t e r ,  w i t h  t h e  in c r e a s i n g  t a n g e n t ia l  v e l o c i t y .  T h e n ,  t h e  t a n g e n t ia l  v e l o c i t y  r e a c h e s  i t s  
m a x im u m  v a lu e  a t  a  c e r t a in  r a d iu s ,  w h i c h  i s  c a l l e d  t h e  c o r e  r a d iu s ,  b e f o r e  d e c r e a s in g  
a lo n g  t h e  r a d ia l  d is t a n c e  f r o m  t h e  c o r e  r a d iu s  t o  t h e  t o r n a d o  c e n t e r .
I n  g e n e r a l ,  c i r c u l a r  s t r ip s  a re  f o r m e d ,  a n d  t h e  v e l o c i t y  i n  e a c h  s t r ip  i s  u n i f o r m ,  
w h i l e  t h e  t a n g e n t ia l  v e l o c i t y  i n  t h e  c o r e  r e g io n  i s  n o t  t h a t  u n i f o r m ,  w h i c h  m a y  b e  r e s u lt e d  
f r o m  t h e  f a c t  t h a t  t h e  r e l a t i v e l y  l o w  r o t a t io n a l  v e l o c i t y  c a n n o t  s u s t a in  i n  r e l a t i v e l y  h i g h  
t u r b u le n c e  i n  t h e  c o r e .  F i g u r e  5 s h o w s  t h a t  t h is  t o r n a d o  h a s  a  s in g le  v o r t e x .  F i g u r e  6  
p r e s e n t s  t h e  in s t a n t a n e o u s  t a n g e n t ia l  v e l o c i t y  d i s t r ib u t io n  o n  a  v e r t i c a l  p la n e  t h r o u g h  th e  
t o r n a d o  c e n t e r .  T h e  c o l o r  r e p r e s e n t s  t h e  m a g n it u d e  o f  t a n g e n t ia l  v e l o c i t y  a n d  t h e  a r r o w s  
r e p r e s e n t  t h e  d ir e c t io n  o f  t h e  r e s u lt a n t  v e l o c i t y  o f  r a d ia l  a n d  v e r t i c a l  c o m p o n e n t s .  A  
d o w n d r a f t  i s  o b s e r v e d  a t  t h e  c e n t e r  a n d  u p d r a f t s  a re  o b s e r v e d  i n  t h e  s u r r o u n d in g  a re a s . 
T h e s e  r e s u lt s  s u g g e s t  t h a t  t h e  f l o w  s t r u c t u r e  i s  d o u b le - c e l le d .
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F i g u r e  4 . T a n g e n t i a l  v e l o c i t y  a lo n g  a  l in e  i n  r a d ia l  d is t a n c e  a t t h e  e le v a t io n  o f  8 0  m
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F i g u r e  5. In s t a n t a n e o u s  T a n g e n t i a l  v e l o c i t y  
d i s t r ib u t io n  o n  t h e  h o r i z o n t a l  p la n e  a t t h e  
e le v a t io n  o f  8 0  m
F i g u r e  6 . In s t a n t a n e o u s  T a n g e n t i a l  
v e l o c i t y  o n  a  v e r t i c a l  p la n e  t h r o u g h  
t o r n a d o  c e n t e r
I
F i g u r e  7 . In s t a n t a n e o u s  P r e s s u r e  d is t r ib u t io n  F i g u r e  8 . In s t a n t a n e o u s  P r e s s u r e  
o n  t h e  h o r i z o n t a l  p la n e  a t t h e  e le v a t io n  o f  8 0  d is t r ib u t io n  o n  a  v e r t i c a l  p la n e  t h r o u g h
t o r n a d o  c e n t e rm
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T h e  i n s t a n t a n e o u s  p r e s s u r e  d i s t r i b u t i o n  o n  t h e  h o r i z o n t a l  p l a n e  a t  t h e  e l e v a t i o n  o f  
8 0  m  i s  p r e s e n t e d  i n  F i g u r e  7 .  R e g u l a r  c i r c u l a r  s t r i p s  a r e  o b s e r v e d .  T h e  p r e s s u r e  
g r a d u a l l y  d e c r e a s e s  a l o n g  t h e  r a d i u s  f r o m  t h e  o u t e r  e d g e  t o  t o r n a d o  c e n t e r ,  w h i c h  c o u l d  
b e  u s e d  t o  e x p l a i n  w h y  t h e  a i r  o u t s i d e  t h e  c o r e  r e g i o n  f l o w s  i n w a r d s  w h i l e  t h e  a i r  i n s i d e  
t h e  c o r e  r e g i o n  f l o w s  o u t w a r d s .  F i g u r e  8  p r e s e n t s  t h e  i n s t a n t a n e o u s  p r e s s u r e  d i s t r i b u t i o n  
o n  t h e  v e r t i c a l  p l a n e  t h r o u g h  t h e  t o r n a d o  c e n t e r .  S i m i l a r l y ,  t h e  p r e s s u r e  g r a d u a l l y  
d e c r e a s e s  f r o m  t h e  o u t e r  e d g e  t o  t h e  c o r e  r e g i o n .
3.2. WIND EFFECTS ACTING ON THE CABLE-STAYED BRIDGE UNDER 
TORNADIC WINDS
P r e s s u r e  c o e f f i c i e n t  i s  a d o p t e d  t o  r e p r e s e n t  t h e  p r e s s u r e  d i s t r i b u t i o n  o n  t h e  b r i d g e  
s u r f a c e .  I n  t h i s  s t u d y ,  t h e  p r e s s u r e  c o e f f i c i e n t  i s  p r e s e n t e d  b a s e d  o n  E q .  ( 5 )
r  =  -O p  i
P - P r
P r^ r2
( 5 )
w h e r e  P  — Pr  d e n o t e s  t h e  r e l a t i v e  s t a t i c  p r e s s u r e  a t  t h e  p o i n t  w h e r e  t h e  p r e s s u r e  
c o e f f i c i e n t  i s  e v a l u a t e d .  I n  a l l  o f  t h e  t w o  c a s e s ,  Pr , Vr , a n d  p r  d e n o t e  t h e  r e f e r e n c e  
p r e s s u r e ,  r e f e r e n c e  w i n d  v e l o c i t y  a n d  a i r  d e n s i t y ,  r e s p e c t i v e l y ,  w h i c h  a r e  Pr  =
1 0 1 3 2 5  P a ,  Vr  =  8 1 . 1  m / s  a n d  p r  =  1 . 2 2 5  k g / m 3 i n  t h i s  s t u d y  f r o m  L i  a n d  Y a n  ( 2 0 2 0 ) .
T h e  i n s t a n t a n e o u s  t a n g e n t i a l  v e l o c i t y  a n d  p r e s s u r e  d i s t r i b u t i o n  o n  t h e  h o r i z o n t a l  
p l a n e  a t  t h e  e l e v a t i o n  o f  6 . 8 5  m  a r e  e x t r a c t e d  a n d  p r e s e n t e d  i n  F i g u r e  9 .  A t  t h i s  m o m e n t ,  
t h e  c e n t e r  o f  t h e  c a b l e - s t a y e d  b r i d g e  a p p r o a c h e s  t h e  c e n t e r  o f  t h e  c o m p u t a t i o n a l  d o m a i n .  
I n  F i g u r e s .  9 ( a )  a n d  9 ( c ) ,  t h e  b l a c k  g r a p h s  r e p r e s e n t  t h e  s t r e a m l i n e  o f  t h e  w i n d  f l o w .  
O u t s i d e  t h e  c o r e  r e g i o n ,  t h e  w i n d  f l o w  c o n v e r g e s  t o w a r d s  t h e  c e n t e r  o f  t h e  t o r n a d o ,  w i t h  
t h e  i n c r e a s i n g  t a n g e n t i a l  v e l o c i t y .  A n d  t h e n ,  t h e  t a n g e n t i a l  v e l o c i t y  o f  w i n d  f l o w  r e a c h e s
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i t s  p e a k  v a lu e  a t  a  c e r t a in  r a d iu s  t h a t  i s  c a l l e d  t h e  c o r e  r a d iu s .  D u e  t o  t h e  e x is t e n c e  o f  a  
c a b le - s t a y e d  b r id g e ,  th e  p r e c is e  c e n t e r  o f  t h e  t o r n a d o  i s  n o t  e a s y  t o  d e t e r m in e .  T h e  w i n d  
f l o w  i n s i d e  t h e  c o r e  r a d iu s  i s  m o r e  t u r b u le n t ,  w i t h  lo w e r  v e l o c i t y ,  w h e n  c o m p a r e d  w i t h  
t h e  w i n d  f l o w  o u t s id e  t h e  c o r e  r a d iu s .  T h e  in s t a n t a n e o u s  p r e s s u r e  d is t r ib u t io n  o n  th e  
h o r i z o n t a l  p la n e  a t  t h e  e le v a t io n  o f  6 .8 5  m  i s  p r e s e n t e d  i n  F i g u r e  9 ( b ) .  R e g u l a r  c i r c u l a r  
s t r ip s  a r e  o b s e r v e d  o u t s id e  t h e  c o r e  r e g io n ,  a n d  t h e  p r e s s u r e  m a g n it u d e  g r a d u a l l y  
d e c r e a s e s  a lo n g  t h e  r a d iu s  f r o m  t h e  o u t e r  r e g io n  t o  t h e  t o r n a d o  c e n t e r ,  w h i c h  f o l l o w s  th e  
t y p i c a l  c h a r a c t e r i s t i c s  o f  t o r n a d o e s .  M e a n w h i le ,  d u e  t o  t h e  e x is t e n c e  o f  t h e  b r id g e ,  
s e v e r a l  l o w e r  p r e s s u r e  r e g io n s ,  s h o w n  a s  d a r k  b lu e ,  a r e  o b s e r v e d  i n  t h e  c o r e  r e g io n ,  
w h i c h  s h o w s  d i f f e r e n c e s  i n  t h e  p r e s s u r e  d is t r ib u t io n  w h e n  n o  s t r u c t u r e  i s  in c l u d e d  i n  th e  
t o r n a d ic  w i n d  f ie ld .  F i g u r e  9 ( c )  p r e s e n t s  t h e  z o o m - in  p ic t u r e  o f  t h e  m a r k e d  r e g io n  in  
F i g u r e  9 ( b ) .  S e v e r a l  s m a l l  v o r t i c e s  a re  o b s e r v e d  o n  b o t h  s id e s  o f  t h e  p y l o n  a n d  b e t w e e n  
t h e  d ia p h r a g m  p la t e s  t h a t  a r e  u n d e r  t h e  d e c k  o f  th e  b r id g e .
T h e  p r e s s u r e  c o e f f i c ie n t  a c t in g  o n  t h e  c a b le - s t a y e d  b r id g e  w h e n  t h e  c e n t e r  o f  th e  
c a b le - s t a y e d  b r i d g e  a p p r o a c h e s  t h e  c e n t e r  o f  t h e  c o m p u t a t io n a l  d o m a in  i s  e x t r a c t e d ,  a s  
s h o w n  i n  F i g u r e  1 0 . M o s t  p a r t s  o f  th e  b r id g e  a re  d o m in a t e d  b y  n e g a t iv e  p r e s s u r e  b e c a u s e  
o f  t h e  a t m o s p h e r ic  p r e s s u r e  d r o p  i n  t h e  c o r e  r e g io n  o f  t h e  t o r n a d o .  M e a n w h i le ,  p o s i t i v e  
p r e s s u r e  i s  o b s e r v e d  o n  t h e  s id e  o f  t h e  I - s h a p e d  g i r d e r  lo c a t e d  a t  t h e  e n d  o f  t h e  b r id g e ,  
w h i c h  i s  m a r k e d  w i t h  a  r e d  c i r c l e .  T h i s  i s  b e c a u s e  t h e  e n d  o f  t h e  b r i d g e  r e a c h e s  t h e  c o r e  
r a d iu s  a t  t h is  m o m e n t ,  a n d  t h u s  e x p e r ie n c e s  h i g h  t a n g e n t ia l  v e l o c i t y .
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( a )  T a n g e n t i a l  v e l o c i t y  d i s t r ib u t io n  o n  t h e  ( b )  P r e s s u r e  d is t r ib u t io n  o n  th e
h o r iz o n t a l  p la n e  h o r i z o n t a l  p la n e
( c )  Z o o m - i n  p ic t u r e  o f  t h e  m a r k e d  r e g io n
F i g u r e  9 . P r e s s u r e  a n d  t a n g e n t ia l  v e l o c i t y  d i s t r ib u t io n  o n  t h e  h o r i z o n t a l  p la n e
a t  t h e  e le v a t io n  o f  6 .8 5 m
F i g u r e  1 0 . P r e s s u r e  c o e f f i c ie n t s  a c t in g  o n  t h e  c a b le - s t a y e d  b r id g e  
w h e n  t h e  b r id g e  a p p r o a c h e s  t h e  c e n t e r  o f  t h e  c o m p u t a t io n a l  d o m a in
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3.3. WIND EFFECTS ACTING ON THE CABLE-STAYED BRIDGE UNDER 
THE EQUIVALENT STRAIGHT-LINE WINDS
T h e  r e s u lt  o f  t h e  3 - s e c o n d  t im e - a v e r a g e d  v e l o c i t y  d i s t r ib u t io n  o n  th e  h o r i z o n t a l  
p la n e  a lo n g  Y  d i r e c t io n  i s  p r e s e n t e d  in  F i g u r e  1 1 . T h e  b l a c k  l in e s  o n  t h e  t w o  s id e s  a re  th e  
s t r e a m l in e s  o f  f l o w ,  w h i c h  k e e p  s t r a ig h t  o n  t h e  h o r i z o n t a l  p la n e  e x c e p t  t h e  r e g io n  c lo s e  t o  
t h e  c a b le - s t a y e d  b r id g e .  T h i s  m e a n s  t h a t  t h e  w i n d  f l o w  i s  n o t  d is t u r b e d  b y  t h e  b o u n d a r y  
o f  t h e  w i n d  f i e l d ,  i n d i c a t i n g  t h a t  t h e  d e s ig n  o f  t h e  s t r a ig h t - l in e  w i n d  f i e l d  i s  a c c e p t a b le .  
T h e  m a x im u m  p o s i t i v e  v e l o c i t y  o c c u r r e d  n e a r  t h e  c a b le - s t a y e d  b r id g e .  B e c a u s e  th e  w i n d  
f l o w  n e e d s  t o  a c c e le r a t e  t o  p a s s  t h e  c a b le - s t a y e d  b r i d g e  t o  k e e p  c o n s t a n t  q u a n t it y  o f  f lo w .  
T h e  m a x im u m  n e g a t iv e  v e l o c i t y  i s  o b s e r v e d  a t  t h e  c o r n e r s  n e a r  t h e  p y l o n s  o n  th e  
w i n d w a r d  s id e ,  w h e r e  v o r t i c e s  a re  f o r m e d .  B y  c o m p a r in g  t h e  m a x im u m  t a n g e n t ia l  
v e l o c i t y ,  t h e  m a g n it u d e  u n d e r  t o r n a d ic  w i n d s  ( 9 3  m / s )  i s  s l i g h t l y  h i g h e r  ( 4 % )  t h a n  t h a t  
u n d e r  t h e  e q u iv a le n t  s t r a ig h t - l in e  w i n d s  ( 8 9  m / s ) .
F i g u r e  1 2 ( a )  p r e s e n t s  t h e  3 - s e c o n d  t im e - a v e r a g e d  p r e s s u r e  d i s t r ib u t io n  o n  th e  
h o r i z o n t a l  p la n e  a t  t h e  e le v a t io n  o f  6 .8 5  m . T h e  p r e s s u r e  d i s t r ib u t io n  i s  h o m o g e n e o u s  o n  
t h e  h o r i z o n t a l  p la n e  e x c e p t  t h e  r e g io n s  n e a r  t h e  c a b le - s t a y e d  b r id g e .  T h e  m a x im u m  
p o s i t i v e  p r e s s u r e  i s  o b t a in e d  o n  t h e  w i n d w a r d  s id e  o f  t h e  c a b le - s t a y e d  b r id g e .  B e c a u s e  
t h e  v e l o c i t y  o f  f l o w  b e c o m e s  z e r o  a t  t h e  s t a g n a t io n  p o in t  o n  t h e  w i n d w a r d  s id e  a n d  th e  
p r e s s u r e  in c r e a s e s  d u e  t o  t h e  d e c r e a s e  i n  v e l o c i t y ,  a c c o r d i n g  t o  t h e  B e r n o u l l i  e q u a t io n .  
F i g u r e  1 2 ( b )  p r e s e n t s  t h e  z o o m - in  p ic t u r e  o f  t h e  r e d  m a r k e d  r e g io n  i n  F i g u r e  1 2 ( a ) .  T h e  
b l a c k  l in e s  i n  F i g u r e  1 2 ( b )  a re  t h e  s t r e a m l in e s  i n  t h e  w i n d  f ie ld .  T h e  m a x im u m  n e g a t iv e  
p r e s s u r e  i s  o b t a in e d  a t  t h e  t w o  c o r n e r s  o f  t h e  p y l o n  o n  t h e  w i n d w a r d  s id e  o f  t h e  c a b le -  
s t a y e d  b r id g e .  T w o  b i g  v o r t i c e s  a re  o b s e r v e d  b e h in d  t h e  p y l o n  o n  t h e  le e w a r d  s id e  o f  th e  
b r id g e .  S m a l l  v o r t i c e s  c a n  a ls o  b e  o b s e r v e d  o n  t h e  w i n d w a r d  s id e  o f  t h e  c a b le - s t a y e d
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b r i d g e  a n d  b e t w e e n  th e  d ia p h r a g m  p la t e s  w h i c h  a re  b e lo w  t h e  b r i d g e  d e c k .  S o ,  t h e  r e g io n  
b e lo w  th e  b r id g e  d e c k  i s  d o m in a t e d  b y  n e g a t iv e  p r e s s u r e ,  w h i c h  in d u c e s  s u c t io n .  W h e n  
c o m p a r e s  w i t h  t h e  t o r n a d ic  c a s e ,  i n  F i g u r e  9 ( c ) ,  e v e n  t h o u g h  t h e  w i n d  f l o w  u n d e r  
t o r n a d ic  w i n d s  m o v e s  s i m i l a r l y  t o  t h e  s t r a ig h t - l in e  w i n d s  i n  t h e  m a r k e d  r e g io n ,  t h e  b i g  
v o r t i c e s  d is a p p e a r  a n d  t h e  a m o u n t s  o f  v o r t i c e s  a re  l e s s  t h a n  t h a t  u n d e r  s t r a ig h t - l in e  w in d s ,  
w h i c h  in d ic a t e s  th e  d i f f e r e n c e s  o f  w i n d  f l o w  b e t w e e n  t o r n a d ic  w i n d s  a n d  s t r a ig h t - l in e  
w in d s .
T h e  p r e s s u r e  d is t r ib u t io n  o n  t h e  s u r f a c e  o f  t h e  c a b le - s t a y e d  b r i d g e  i s  p r e s e n t e d  in  
F i g u r e  1 3 . O n  m o s t  o f  t h e  c a b le - s t a y e d  b r id g e ,  i t s  s u r f a c e  i s  d o m in a t e d  b y  n e g a t iv e  
p r e s s u r e .  T h e  p o s i t i v e  p r e s s u r e  i s  o n l y  o b s e r v e d  o n  t h e  w in d w a r d  s id e  o f  t h e  d e c k  a n d  th e  
p y lo n s .  T h e  m a x im u m  p o s i t i v e  p r e s s u r e  i s  o b t a in e d  o n  t h e  t o p  r e g io n  o f  t h e  p y l o n s  w h i c h  
i s  m a r k e d  b y  th e  r e d  c i r c l e .  T h i s  i s  s i m i l a r  t o  t h e  r e s u lt s  f r o m  E r d e m  ( 2 0 1 6 ) .  E r d e m  
c o n c lu d e d  t h a t  t h e  m a x im u m  p r e s s u r e  d is t r ib u t io n  o c c u r r e d  o n  t h e  v e r t i c a l  s u r f a c e  o f  th e  
t o w e r  a n d  in c r e a s e d  i n  d i r e c t  p r o p o r t io n  t o  t h e  h e ig h t  o f  t h e  t o w e r .  T h e  m a x im u m  
n e g a t iv e  p r e s s u r e  i s  o b t a in e d  o n  t h e  s id e s  o f  t h e  p y l o n s  d u e  t o  t h e  f a c t  t h a t  w i n d  h a s  to  
a c c e le r a t e  t o  p a s s  t h r o u g h  t h e  p y lo n s ,  a n d  p r e s s u r e  d e c r e a s e s  d u e  t o  t h e  in c r e a s e  in  
v e l o c i t y  a c c o r d i n g  t o  t h e  B e r n o u l l i  e q u a t io n .  T h e  l o c a t io n  w h e r e  t h e  m a x im u m  p r e s s u r e  
o c c u r s  i s  d i f f e r e n t  f r o m  t h a t  u n d e r  t o r n a d ic  w in d s .  I n  t h e  t o r n a d ic  c a s e  ( s e e  F i g u r e  1 0 ) ,  
t h e  m a x im u m  p o s i t i v e  p r e s s u r e  i s  o b t a in e d  o n  t h e  w i n d w a r d  s id e  o f  t h e  I - s h a p e d  b e a m , 
a n d  th e  m a x im u m  n e g a t iv e  p r e s s u r e  i s  o b t a in e d  a t  th e  c o r n e r  o f  t h e  d e c k  n e a r  t h e  r e g io n  
t h a t  s u f f e r s  t h e  m a x im u m  p o s i t i v e  p r e s s u r e .  U n d e r  t o r n a d ic  w in d s ,  t h e  m a g n it u d e  o f  th e  
p e a k  n e g a t iv e  p r e s s u r e  ( 2 . 7 6 6 ) ,  a s  s h o w n  i n  F i g u r e  1 0 , i s  1 2 %  g r e a t e r  t h a n  t h a t  u n d e r  th e  
e q u iv a le n t  s t r a ig h t - l in e  w i n d s  ( 2 . 4 6 6 ) ,  a s  s h o w n  i n  F i g u r e  1 3 .
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F i g u r e  1 1 . T i m e - a v e r a g e d  v e l o c i t y  d i s t r ib u t io n  o n  t h e  h o r i z o n t a l  p la n e
a t  t h e  e le v a t io n  o f  6 .8 5 m
( a )  P r e s s u r e  d is t r ib u t io n  o n  t h e  h o r i z o n t a l  p la n e
( b )  Z o o m - i n  p ic t u r e  o f  t h e  m a r k e d  r e g io n
F i g u r e  1 2 . T i m e - a v e r a g e d  p r e s s u r e  d is t r ib u t io n  o n  t h e  h o r i z o n t a l  p la n e  
a t  t h e  e le v a t io n  o f  6 .8 5 m
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F i g u r e  1 3 . T im e - a v e r a g e d  p r e s s u r e  d i s t r ib u t io n  o n  t h e  s u r f a c e  o f  t h e  c a b le - s t a y e d  b r id g e
3.4. COMPARISON OF THE FORCE AND MOMENT COEFFICIENTS
ACTING ON THE CABLE STAYED BRIDGE UNDER TORNADIC WINDS 
AND UNDER THE EQUIVALENT STRAIGHT-LINE WINDS
T h e  f o r c e  c o e f f i c ie n t s  a c t in g  o n  t h e  c a b le - s t a y e d  b r i d g e  u n d e r  t o r n a d ic  w i n d s  a n d  
t h e ir  e q u iv a le n t  s t r a ig h t - l in e  w i n d s  a r e  e x t r a c t e d  a n d  c o m p a r e d .  B y  c o m p a r i n g  F ig u r e s .
1 4  a n d  1 5 , t h e  t im e  h is t o r y  o f  f o r c e  c o e f f i c ie n t  a c t in g  o n  t h e  c a b le - s t a y e d  b r i d g e  s h o w s  
q u it e  d i f f e r e n t  t r e n d s .  F o r  t h e  c a b le - s t a y e d  b r i d g e  u n d e r  t o r n a d ic  w i n d s ,  i n  F i g u r e  1 4 , th e  
t im e  h is t o r y  o f  f o r c e  c o e f f i c ie n t  s h o w s  t w o  p e a k  v a l u e s  a t  t h e  s p e c i f i c  t im e  in s t a n t s ,  
w h i c h  a re  a r o u n d  15  s  a n d  5 0  s. A t  t h is  m o m e n t ,  t h e  c e n t e r  o f  t h e  c a b le - s t a y e d  b r id g e  
a p p r o a c h e s  t h e  c o r e  r a d iu s  o f  t h e  t o r n a d o ,  w h e r e  t h e  c a b le - s t a y e d  b r i d g e  e x p e r ie n c e s  v e r y  
h i g h  t a n g e n t ia l  v e l o c i t y .  T h e  d e n s e  a n d  s m a l l  f lu c t u a t io n  i s  o b s e r v e d  w h e n  t h e  c a b le -  
s t a y e d  b r i d g e  i s  c lo s e  t o  t h e  c o r e  r a d iu s .  H o w e v e r ,  i n  F i g u r e  1 5 , t h e  t im e  h is t o r y  o f  f o r c e  
c o e f f i c ie n t  a c t in g  o n  t h e  c a b le - s t a y e d  u n d e r  t h e  e q u iv a le n t  s t r a ig h t - l in e  w i n d s  s h o w s  
r a n d o m  f lu c t u a t io n  i n  s m a l l  r a n g e ,  w h i c h  m e a n s  t h a t  t h e  w i n d  f l o w  i n  t h e  s t r a ig h t - l in e




























a )  F o r c e  c o e f f i c ie n t  i n  X  d i r e c t io n a )  F o r c e  c o e f f i c ie n t  i n  X  d i r e c t io n
b )  F o r c e  c o e f f i c ie n t  i n  Y  d i r e c t io n b )  F o r c e  c o e f f i c ie n t  i n  Y  d i r e c t io n
c )  F o r c e  c o e f f i c ie n t  i n  Z  d i r e c t io n c )  F o r c e  c o e f f i c ie n t  i n  Z  d i r e c t io n
F i g u r e  1 4 . T i m e  h is t o r y  o f  t h e  f o r c e  
c o e f f i c ie n t  a c t in g  o n  t h e  c a b le - s t a y e d  b r id g e  
u n d e r  t o r n a d ic  w i n d s
F i g u r e  1 5 . T i m e  h is t o r y  o f  t h e  f o r c e  
c o e f f i c ie n t  a c t in g  o n  t h e  c a b le - s t a y e d  
b r id g e  u n d e r  t h e  e q u iv a le n t  s t r a ig h t - l in e  
































a )  M o m e n t  c o e f f i c ie n t  a b o u t  t h e  X  a x i s  a )  M o m e n t  c o e f f i c ie n t  a b o u t  t h e  X  a x i s
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c )  M o m e n t  c o e f f i c ie n t  a b o u t  t h e  Z  a x i s
Time (s)
c )  M o m e n t  c o e f f i c ie n t  a b o u t  t h e  Z  a x i s
F i g u r e  1 6 . T i m e  h is t o r y  o f  m o m e n t  
c o e f f i c ie n t s  a c t in g  o n  t h e  c a b le - s t a y e d  
b r i d g e  u n d e r  t o r n a d ic  w i n d s
F i g u r e  1 7 . T i m e  h is t o r y  o f  m o m e n t  
c o e f f i c ie n t  a c t in g  o n  t h e  c a b le - s t a y e d  
b r i d g e  u n d e r  t h e  e q u iv a le n t  s t r a ig h t - l in e  
w i n d s
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I n  th e  c o m p u t a t io n a l  d o m a in ,  X  d i r e c t io n  i s  a lo n g  t h e  l o n g i t u d i n a l  d i r e c t io n  o f  th e  
c a b le - s t a y e d  b r id g e ;  Y  d i r e c t io n  i s  p e r p e n d ic u la r  t o  t h e  lo n g i t u d i n a l  d i r e c t io n  o f  th e  
b r i d g e  a n d  Z  d i r e c t io n  i s  t h e  v e r t i c a l  d ir e c t io n .  B y  c o m p a r in g  t h e  m a g n it u d e  o f  f o r c e  
c o e f f i c ie n t  a c t in g  o n  t h e  c a b le - s t a y e d  b r i d g e  u n d e r  t o r n a d ic  w i n d s  a n d  e q u iv a le n t  
s t r a ig h t - l in e  w in d s ,  t h e  m a x im u m  m a g n it u d e  i s  a lw a y s  o b t a in e d  i n  t h e  t o r n a d ic  c a s e  
e x c e p t  t h e  f o r c e  c o e f f i c ie n t  i n  Y  d i r e c t io n .  T h e  p e a k  v a l u e  o f  t h e  f o r c e  c o e f f i c ie n t  i n  X  
d i r e c t io n  u n d e r  t o r n a d ic  w i n d s  ( 2 . 8 )  i s  11 t im e s  l a r g e r  t h a n  t h a t  u n d e r  s t r a ig h t - l in e  w i n d s  
( 0 . 2 5 )  d u e  t o  t h e  f a c t  t h a t  w i n d  f l o w  b l o w s  p e r p e n d ic u la r  t o  X  d i r e c t io n  i n  t h e  s t r a ig h t ­
l in e  w i n d  f i e l d ,  s o  w i n d  f o r c e  i s  q u it e  s m a l l  a lo n g  X  d ir e c t io n .  T h e  p e a k  v a l u e  o f  th e  
f o r c e  c o e f f i c ie n t  i n  Z  d i r e c t io n  u n d e r  t o r n a d ic  w i n d s  ( 0 . 2 3 )  i s  1 0  t im e s  g r e a t e r  t h a n  t h a t  
u n d e r  s t r a ig h t - l in e  w i n d s  ( 0 .0 2 3 ) .  T h e  r e s u lt  m e a n s  t h a t  t h e  w i n d  d e s ig n  f o r  t h e  c a b le -  
s t a y e d  b r i d g e  s h o u ld  a m p l i f y  th e  l i f t  f o r c e  w h e n  t h e  b r i d g e  i s  d e s ig n e d  t o  r e s i s t  t o r n a d ic  
w in d s .  M e a n w h i le ,  i n  Y  d ir e c t io n ,  t h e  p e a k  v a l u e  o f  t h e  f o r c e  c o e f f i c ie n t  u n d e r  s t r a ig h t ­
l in e  w i n d s  ( 2 . 9 4 )  i s  1 .7  t im e s  l a r g e r  t h a n  t h a t  u n d e r  t o r n a d ic  w i n d s  ( 1 .7 ) .
T h e  m o m e n t  c o e f f i c ie n t s  a c t in g  o n  t h e  c a b le - s t a y e d  b r id g e  u n d e r  t o r n a d ic  w i n d s  
a n d  th e  e q u iv a le n t  s t r a ig h t - l in e  w i n d s  a re  e x t r a c t e d  a n d  p r e s e n t e d  i n  F ig u r e s .  1 6  a n d  1 7 . 
T h e  t im e  h is t o r y  o f  t h e  m o m e n t  c o e f f i c ie n t  a b o u t  X  a n d  Y  a x e s  u n d e r  t o r n a d ic  w i n d s  
s h o w s  t w o  p e a k  v a l u e s  w h e n  t h e  c a b le - s t a y e d  b r i d g e  i s  c lo s e  t o  t h e  c o r e  r a d iu s  ( s e e  
F ig u r e s .  1 6  ( a )  a n d  ( b ) ) .  T h e  m o m e n t  c o e f f i c ie n t  a b o u t  t h e  Z  a x i s  s h o w s  o n e  p e a k  v a lu e  
w h e n  th e  c a b le - s t a y e d  b r id g e  a p p r o a c h e s  t h e  c e n t e r  o f  t h e  t o r n a d o  ( s e e  F i g u r e  1 6 ( c ) ) .  T h e  
t im e  h is t o r y  s h o w s  d r a s t ic  f lu c t u a t io n  o f  t h e  w i n d  f l o w  i n  t h e  t o r n a d ic  w i n d  f ie ld ,  
e s p e c ia l ly  w h e n  t h e  c a b le - s t a y e d  b r i d g e  a p p r o a c h e s  th e  c o r e  r a d iu s  a n d  t h e  c e n t e r  o f  th e  
t o r n a d o .  W h i l e ,  f o r  t h e  c a b le - s t a y e d  b r i d g e  u n d e r  s t r a ig h t - l in e  w in d s ,  t h e  t im e  h is t o r y
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s h o w s  r a n d o m  f l u c t u a t io n  i n  a  s m a l l  r a n g e .  B y  c o m p a r in g  F ig u r e s .  1 6  a n d  1 7 , t h e  p e a k  
v a l u e  o f  m o m e n t  c o e f f i c ie n t s  a b o u t  X  a x i s  u n d e r  t o r n a d ic  w i n d s  ( 7 )  i s  1 .1 9  t im e s  s m a l le r  
t h a n  t h a t  u n d e r  t h e  e q u iv a le n t  s t r a ig h t - l in e  w i n d s  ( 8 .3 5 ) .  T h e  p e a k  v a lu e  o f  m o m e n t  
c o e f f i c ie n t  a b o u t  Y  a x i s  u n d e r  t o r n a d ic  w i n d s  ( 0 . 2 5 )  i s  4 .2  t im e s  g r e a t e r  t h a n  t h a t  u n d e r  
t h e  e q u iv a le n t  s t r a ig h t - l in e  w i n d s  ( 0 .0 6 ) .  T h e  p e a k  v a l u e  o f  t h e  m o m e n t  c o e f f i c ie n t  a b o u t  
t h e  Z  a x i s  u n d e r  t o r n a d ic  w i n d s  ( 0 . 0 9 )  i s  2 7 .3  t im e s  g r e a t e r  t h a n  t h a t  u n d e r  t h e  e q u iv a le n t  
s t r a ig h t - l in e  w i n d s  ( 0 . 0 0 3 3 ) ,  a lt h o u g h  b o t h  o f  t h e m  a re  v e r y  s m a l l .
3.5. FORCE AND MOMENT COEFFICIENTS ACTING ON THE UNIT 
LENGTH DECK OF THE CABLE-STAYED BRIDGE
T o  in v e s t ig a t e  t h e  f o r c e  a n d  m o m e n t  c o e f f i c ie n t s  a c t i n g  o n  t h e  u n i t  le n g t h  (1  m )  
d e c k  o f  t h e  c a b le - s t a y e d  b r id g e ,  A N S Y S  m e c h a n ic a l  1 7 .1  i s  e m p lo y e d  t o  c o n d u c t  th e  
a s s o c ia t e d  s t r u c t u r a l  a n a l y s i s .  F i r s t l y ,  t h e  f in i t e  e le m e n t  m o d e l  ( F E M )  o f  t h e  u n i t  le n g t h  
d e c k  o f  c a b le - s t a y e d  b r i d g e  i s  b u i l t  b y  u s i n g  t h e  D e s ig n M o d e le r  i n  t h e  w o r k b e n c h ,  a s  
s h o w n  i n  F i g u r e  1 8 . S e c o n d l y ,  t h e  t o r n a d ic  w i n d  p r e s s u r e  a c t in g  o n  t h e  s u r f a c e  o f  c a b le -  
s t a y e d  b r i d g e  d u r i n g  t h e  la s t  6 8 s  o f  s im u la t io n  p e r io d  ( w h i le  t h e  b r i d g e  m o v e s ) ,  w h i c h  i s  
e x t r a c t e d  f r o m  t h e  C F D  s im u la t io n ,  i s  m a p p e d  o n t o  t h is  F E M  b y  e m p l o y i n g  t h e  t r a n s ie n t  
lo a d  m a p p in g  t e c h n iq u e  ( A N S Y S  2 0 1 3 ) ,  a s  s h o w n  i n  F i g u r e  2 0 .  M e a n w h i l e ,  t o  o b t a in  th e  
f o r c e  a n d  th e  m o m e n t  e x e r t e d  o n  th e  F E M  i n d u c e d  b y  t h e  t o r n a d ic  w i n d  p r e s s u r e ,  th e  
f i x e d  s u p p o r t  b o u n d a r y  c o n d i t io n s  a re  a p p l ie d  t o  t h e  t w o  s id e s  o f  t h e  F E M ,  a s  s h o w n  in  
F i g u r e  1 9 . F i n a l l y ,  t h e  f o r c e  a n d  m o m e n t  c o e f f i c ie n t s  a c t in g  o n  t h e  F E M  a r e  c a lc u la t e d .  
T h e  p r o c e d u r e  a n d  m e t h o d s  a re  a d o p t e d  a g a in  t o  m a p  t h e  s t r a ig h t - l in e  w i n d  p r e s s u r e  o n t o  
t h e  F E M ,  a n d  th e  f o r c e  a n d  m o m e n t  c o e f f i c ie n t s  a c t i n g  o n  t h e  F E M  u n d e r  t h e  e q u iv a le n t  
s t r a ig h t - l in e  w i n d s  a r e  a ls o  o b t a in e d .
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F i g u r e  1 8 . T h e  F E M  o f  t h e  u n i t  le n g t h  
d e c k  o f
th e  c a b le - s t a y e d  b r id g e
F i g u r e  1 9 . T h e  F E M  a f t e r  a d o p t in g  f i x e d  
s u p p o r t  a t  t w o  s id e s
F i g u r e  2 0 .  T h e  F E M  a f t e r  im p o r t i n g  t h e  t o r n a d ic  w i n d  p r e s s u r e  o n t o  t h e  s u r f a c e
F o r  t h e  F E M  u n d e r  t o r n a d ic  w in d s ,  t h e  m a g n it u d e  o f  f o r c e  c o e f f i c ie n t  a c t in g  o n  
t h e  F E M  in  X  d i r e c t io n  ( h e r e a f t e r  “ F x ” )  i s  v e r y  s m a l l ,  a s  s h o w n  i n  F i g u r e  2 1 a ) .  T h i s  i s  
b e c a u s e  n o  p r e s s u r e  i s  m a p p e d  o n t o  t h e  s u r f a c e  p e r p e n d ic u la r  t o  X  d i r e c t io n ,  a n d  f i x e d  
s u p p o r t  i s  a p p l ie d  t o  t h e s e  t w o  s id e s .  I n  F ig u r e s .  2 1 b )  a n d  c ) ,  t h e  f o r c e  c o e f f i c ie n t s  i n  Y  
a n d  Z  d i r e c t io n  ( h e r e a f t e r  “ F y ”  a n d  “ F z ” )  e x h i b i t  s im i l a r i t i e s  w i t h  t h a t  a c t in g  o n  th e  
e n t ir e  c a b le - s t a y e d  b r i d g e  ( i n  F ig u r e s .  1 4  b )  a n d  c ) ) .  I n  g e n e r a l ,  t w o  p e a k  v a l u e s  a re  




























lo w e s t  v a l u e  i s  o b t a in e d  a t  3 0  s , w h i c h  i s  t h e  t im e  in s t a n t  t h a t  t h e  F E M  lo c a t e s  a t  th e
c e n t e r  o f  t h e  t o r n a d o .
a )  f o r c e  c o e f f i c ie n t  i n  X  d i r e c t io n a )  f o r c e  c o e f f i c ie n t  i n  X  d i r e c t io n
b )  f o r c e  c o e f f i c ie n t  i n  Y  d i r e c t io n
c )  f o r c e  c o e f f i c ie n t  i n  Z  d i r e c t io n
F i g u r e  2 1 .  T i m e  h is t o r y  o f  t h e  f o r c e  
c o e f f i c ie n t s  a c t in g  o n  t h e  F E M  u n d e r  
t o r n a d ic  w i n d s
b )  f o r c e  c o e f f i c ie n t  i n  Y  d i r e c t io n
c )  f o r c e  c o e f f i c ie n t  i n  Z  d i r e c t io n
F i g u r e  2 2 .  T i m e  h is t o r y  o f  t h e  f o r c e  
c o e f f i c ie n t s  a c t in g  o n  t h e  F E M  u n d e r  
e q u iv a le n t  s t r a ig h t - l in e  w i n d s
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a )  m o m e n t  c o e f f i c ie n t  a b o u t  X  a x i s a )  m o m e n t  c o e f f i c ie n t  a b o u t  X  a x i s
b )  m o m e n t  c o e f f i c ie n t  a b o u t  Y  a x i s
c )  m o m e n t  c o e f f i c ie n t  a b o u t  Z  a x i s
F i g u r e  2 3 .  T i m e  h is t o r y  o f  t h e  m o m e n t  
c o e f f i c ie n t s  a c t in g  o n  t h e  F E M  u n d e r  
t o r n a d ic  w i n d s
b )  m o m e n t  c o e f f i c ie n t  a b o u t  Y  a x i s
c )  m o m e n t  c o e f f i c ie n t  a b o u t  Z  a x i s
F i g u r e  2 4 .  T i m e  h is t o r y  o f  t h e  m o m e n t  
c o e f f i c ie n t s  a c t in g  o n  t h e  F E M  u n d e r  
e q u iv a le n t  s t r a ig h t - l in e  w i n d s
F o r  t h e  F E M  u n d e r  t h e  e q u iv a le n t  s t r a ig h t - l in e  w in d s ,  a s  s h o w n  i n  F i g u r e  2 2 a ) ,  
t h e  m a g n it u d e  o f  F x  i s  v e r y  s m a l l  w h i c h  i s  s i m i l a r  w i t h  t h e  r e s u lt  o f  F E M  u n d e r  t o r n a d ic  
w in d s .  I n  F ig u r e s .  2 2 b )  a n d  c ) ,  t h e  F y  a n d  F z  s h o w  r a n d o m  f lu c t u a t io n  i n  a  s m a l l  r a n g e  
d u e  to  t h e  r e la t iv e  s t a b i l i t y  o f  s t r a ig h t - l in e  w in d s .
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S in c e  th e  F x  i s  q u it e  s m a l l ,  t h e  c o m p a r i s o n  o f  F x  u n d e r  t o r n a d ic  w i n d s  a n d  t h e ir  
e q u iv a le n t  s t r a ig h t - l in e  w i n d s  i s  n o t  a  r e a s o n a b le  r e f e r e n c e .  W h e n  c o m p a r in g  t h e  F y  a n d  
F z  o b t a in e d  u n d e r  t o r n a d ic  w i n d s  a n d  t h e ir  e q u iv a le n t  s t r a ig h t - l in e  w in d s ,  t h e  p e a k  v a l u e  
o f  F y  u n d e r  t o r n a d ic  w i n d s  ( 1 . 9 )  i s  1 .0 8  t im e s  g r e a t e r  t h a n  t h a t  u n d e r  e q u iv a le n t  s t r a ig h t ­
l in e  w i n d s  ( 1 .7 5 ) .  A n d  t h e  p e a k  v a l u e  o f  F z  u n d e r  t o r n a d ic  w i n d s  ( 0 . 3 4 )  i s  7 .5  t im e s  
la r g e r  t h a n  t h a t  u n d e r  e q u iv a le n t  s t r a ig h t - l in e  w i n d s  ( 0 . 0 4 5 ) ,  w h i c h  m e a n s  t h a t  t h e  F E M  
e x p e r ie n c e s  m o r e  u n f a v o r a b le  c o n d i t io n s  u n d e r  t o r n a d ic  w in d s .
T h e  t im e  h is t o r y  o f  m o m e n t  c o e f f i c ie n t  i s  e x t r a c t e d  a n d  p r e s e n t e d  i n  F ig u r e s .  2 3  
a n d  2 4 .  T h e  m o m e n t  c o e f f i c ie n t  a b o u t  X  a x i s  ( h e r e a f t e r  “ M x ” )  a n d  a b o u t  y  a x i s  
( h e r e a f t e r  “ M y ” )  u n d e r  t o r n a d ic  w in d s ,  a s  s h o w n  i n  F ig u r e s .  2 3 a )  a n d  2 3 b ) ,  s h o w  th e  
q u i c k  c h a n g e  o f  w i n d  e f f e c t s  o n  t h e  F E M  t h r o u g h  t h e  t im e .  T w o  p e a k  v a l u e s  a re  
e x h ib it e d  i n  t h e  t im e  h is t o r y  o f  M x  a n d  M y ,  w h i c h  a r e  a s s o c ia t e d  w i t h  t h e  t im e  in s t a n t s  
t h a t  t = 1 5 s  a n d  3 5 s  d u e  t o  th e  f a c t  t h a t  t h e  F E M  e x p e r ie n c e s  h i g h  t a n g e n t ia l  v e l o c i t y  a t  th e  
c o r e  r a d iu s ;  a n d  t h e  s m a l le s t  v a l u e  o c c u r s  a t  t = 2 5  s, w h e n  t h e  F E M  lo c a t e s  a t  t h e  c e n t e r  
o f  t h e  t o r n a d o .  F o r  t h e  F E M  u n d e r  th e  e q u iv a le n t  s t r a ig h t - l in e  w i n d s ,  t h e  t im e  h is t o r y  o f  
M x ,  M y ,  a n d  M z  s h o w  r a n d o m  f lu c t u a t io n  i n  a  s m a l l  r a n g e ,  w h i c h  m e a n s  t h e  w i n d  f l o w  
i n  s t r a ig h t - l in e  w i n d s  i s  r e l a t i v e l y  s t a b le .
4. CONCLUSIONS
T h e  w i n d - i n d u c e d  e f f e c t s  a c t in g  o n  th e  c a b le - s t a y e d  b r id g e  a re  s y s t e m a t i c a l ly  
s t u d ie d  b y  m o d e l in g  t h e  c a b le - s t a y e d  b r id g e  in t o  a  w i n d  f ie ld .  F o r  c o m p a r is o n ,  t h e  c a s e  
i n  w h i c h  t h e  c a b le - s t a y e d  b r i d g e  i s  p la c e d  in t o  t h e  t o r n a d ic  w i n d  f i e l d  a n d  t h e  c a s e  in
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w h i c h  th e  c a b le - s t a y e d  b r i d g e  i s  s im u la t e d  i n  t h e  e q u iv a le n t  s t r a ig h t - l in e  w i n d  f i e l d  a re  
b u i l t  a n d  s im u la t e d  b y  e m p l o y i n g  P o i n t w i s e  a n d  C o m p u t a t io n a l  F lu e n t  D y n a m i c  ( C F D ) .  
T h e  f o l l o w i n g  c o n c lu s i o n s  c a n  b e  d r a w n :
1 )  U n d e r  t o r n a d ic  w in d s ,  w h e n  t h e  c a b le - s t a y e d  b r i d g e  r e a c h e s  t h e  c e n t e r  o f  th e  
t o r n a d o ,  d u e  t o  t h e  e x is t e n c e  o f  c a b le - s t a y e d  b r id g e ,  t h e  p r e c is e  c e n t e r  o f  t h e  
t o r n a d o  i s  n o t  e a s y  t o  d e t e r m in e .  T h e  w i n d  f l o w  i n s i d e  t h e  c o r e  r a d iu s  i s  m o r e  
t u r b u le n t ,  w i t h  l o w e r  v e l o c i t y ,  w h e n  c o m p a r e d  w i t h  t h e  w i n d  f l o w  o u t s id e  th e  
c o r e  r a d iu s .  M e a n w h i le ,  d u e  t o  t h e  e x is t e n c e  o f  t h e  b r id g e ,  s e v e r a l  lo w e r  
p r e s s u r e  r e g io n s ,  s h o w n  a s  d a r k  b lu e ,  a r e  o b s e r v e d  i n  t h e  c o r e  r e g io n ,  w h i c h  i s  
d i f f e r e n t  f r o m  t h e  p r e s s u r e  d is t r ib u t io n  w h e n  n o  s t r u c t u r e  i s  in c lu d e d  i n  th e  
t o r n a d ic  w i n d  f ie ld .  S e v e r a l  s m a l l  v o r t i c e s  a re  o b s e r v e d  o n  b o t h  s id e s  o f  th e  
p y l o n  a n d  b e t w e e n  t h e  d ia p h r a g m  p la t e s  t h a t  a r e  u n d e r  t h e  d e c k  o f  t h e  c a b le -  
s t a y e d  b r id g e .  T h e  p r e s s u r e  a c t in g  o n  t h e  s u r f a c e  o f  t h e  c a b le - s t a y e d  b r i d g e  i s  
d o m in a t e d  b y  n e g a t iv e  p r e s s u r e ,  a n d  p o s i t i v e  p r e s s u r e  i s  o n l y  o b s e r v e d  o n  t h e  
s id e  o f  t h e  I - s h a p e d  g i r d e r  t h a t  i s  lo c a t e d  a t  t h e  e n d  o f  t h e  b r id g e .
2 )  U n d e r  t h e  e q u iv a le n t  s t r a ig h t - l in e  w i n d s ,  t h e  m a x im u m  p o s i t i v e  v e l o c i t y  o n  
t h e  h o r i z o n t a l  p la n e  i s  o b s e r v e d  n e a r  t h e  c a b le - s t a y e d  b r id g e .  T h e  m a x im u m  
n e g a t iv e  v e l o c i t y  i s  o b s e r v e d  a t  t h e  c o r n e r  n e a r  t h e  p y l o n s  o n  t h e  w i n d w a r d  
s id e ,  w h e r e  v o r t i c e s  a r e  f o r m e d .  T h e  m a x im u m  p o s i t i v e  p r e s s u r e  o n  th e  
h o r i z o n t a l  p la n e  i s  o b t a in e d  o n  t h e  w i n d w a r d  s id e  o f  t h e  c a b le - s t a y e d  b r id g e  
a n d  th e  m a x im u m  n e g a t iv e  p r e s s u r e  i s  o b t a in e d  a t  t h e  t w o  c o r n e r s  o f  th e  
p y l o n  o n  t h e  w in d w a r d  s id e  o f  t h e  b r id g e .  T w o  b i g  v o r t i c e s  a re  o b s e r v e d  
b e h in d  t h e  p y l o n  o n  t h e  le e w a r d  s id e  o f  t h e  b r id g e .  S m a l l  v o r t i c e s  c a n  a ls o  b e
142
o b s e r v e d  o n  t h e  w i n d w a r d  s id e  o f  t h e  c a b le - s t a y e d  b r id g e  a n d  b e t w e e n  th e  
d ia p h r a g m  p la t e s  w h i c h  a re  b e lo w  t h e  b r i d g e  d e c k .  O n  m o s t  p a r t s  o f  t h e  c a b le -  
s t a y e d  b r id g e ,  th e  s u r f a c e  i s  d o m in a t e d  b y  n e g a t iv e  p r e s s u r e .  T h e  p o s i t i v e  
p r e s s u r e  i s  o n l y  o b s e r v e d  o n  t h e  w i n d w a r d  s id e  o f  d e c k  a n d  p y lo n s .  T h e  
m a x im u m  p o s i t i v e  p r e s s u r e  i s  o b t a in e d  o n  t h e  t o p  r e g io n  o f  p y lo n s .
3 )  B y  c o m p a r in g  t h e  m a x im u m  t a n g e n t ia l  v e l o c i t y  o n  h o r i z o n t a l  p la n e  u n d e r  
t o r n a d ic  w i n d s  a n d  t h e ir  e q u iv a le n t  s t r a ig h t - l in e  w i n d s ,  t h e  p e a k  v a lu e  
in d u c e d  b y  t h e  t o r n a d ic  w i n d s  ( 9 3  m / s )  i s  s l i g h t l y  h i g h e r  ( 4 % )  t h a n  t h a t  
in d u c e d  b y  t h e  e q u iv a le n t  s t r a ig h t - l in e  w i n d s  ( 8 9  m / s ) .  I n  t h e  r e g io n  n e a r  t h e  
c o r e  r a d iu s  i n  t o r n a d ic  w i n d  f i e l d ,  e v e n  t h o u g h  t h e  w i n d  f l o w  m o v e s  s i m i l a r l y  
t o  t h e  s t r a ig h t - l in e  w i n d s ,  t h e  b i g  v o r t i c e s  d is a p p e a r  a n d  t h e  a m o u n t s  o f  
v o r t ic e s  a r e  l e s s  t h a n  t h a t  u n d e r  s t r a ig h t - l in e  w i n d s ,  w h i c h  in d ic a t e  th e  
d i f f e r e n c e s  o f  w i n d  f l o w  b e t w e e n  t o r n a d ic  w i n d s  a n d  s t r a ig h t - l in e  w in d s .  T h e  
l o c a t io n  w h e r e  t h e  m a x im u m  p r e s s u r e  o c c u r s  o n  t h e  s u r f a c e  o f  t h e  c a b le -  
s t a y e d  b r i d g e  s h o w s  th e  d i f f e r e n c e  b e t w e e n  t h e  c a s e  u n d e r  t o r n a d ic  w i n d s  a n d  
t h e ir  e q u iv a le n t  s t r a ig h t - l in e  w in d s .  U n d e r  t o r n a d ic  w in d s ,  th e  m a g n it u d e  o f  
t h e  m a x im u m  n e g a t iv e  p r e s s u r e  o n  c a b le - s t a y e d  b r i d g e  ( 2 . 7 6 6 )  i s  1 2 %  g r e a t e r  
t h a n  t h a t  u n d e r  t h e  e q u iv a le n t  s t r a ig h t - l in e  w i n d s  ( 2 .4 6 6 ) .
4 )  T h e  t im e  h is t o r y  o f  t h e  f o r c e  c o e f f i c ie n t  a c t in g  o n  c a b le - s t a y e d  b r id g e  s h o w s  
t w o  p e a k  v a l u e s  a t  t = 1 5  s  a n d  5 0  s  u n d e r  t o r n a d ic  w in d s .  W h i l e ,  t h e  t im e  
h is t o r y  o f  f o r c e  c o e f f i c ie n t  a c t in g  o n  c a b le - s t a y e d  u n d e r  t h e  e q u iv a le n t  
s t r a ig h t - l in e  w i n d s  s h o w s  r a n d o m  f lu c t u a t io n s  i n  a  s m a l l  r a n g e ,  w h i c h  m e a n s  
t h a t  th e  w i n d  f l o w  i n  t h e  s t r a ig h t - l in e  w i n d  f i e l d  i s  m o r e  s t a b le  t h a n  t h a t  in
t o r n a d ic  w i n d  f ie ld .  W h e n  c o m p a r in g  t h e  m a g n it u d e  o f  f o r c e  c o e f f i c ie n t  
a c t in g  o n  t h e  c a b le - s t a y e d  b r i d g e  u n d e r  t o r n a d ic  w i n d s  a n d  t h e ir  e q u iv a le n t  
s t r a ig h t - l in e  w i n d s ,  t h e  p e a k  v a l u e  o f  f o r c e  c o e f f i c ie n t  i n  X  d i r e c t io n  u n d e r  
t o r n a d ic  w i n d s  i s  1 2  t im e s  l a r g e r  t h a n  t h a t  u n d e r  s t r a ig h t - l in e  w in d s .  I n  Y  
d i r e c t io n ,  th e  p e a k  v a l u e  o f  f o r c e  c o e f f i c ie n t  u n d e r  s t r a ig h t - l in e  w i n d s  ( 2 . 9 4 )  
i s  1 .7  t im e s  l a r g e r  t h a n  t h a t  u n d e r  t o r n a d ic  w i n d s  ( 1 .7 ) .  T h e  p e a k  v a l u e  o f  
f o r c e  c o e f f i c ie n t  i n  Z  d i r e c t io n  u n d e r  t o r n a d ic  w i n d s  ( 0 . 2 3 )  i s  1 0  t im e s  g r e a t e r  
t h a n  t h a t  u n d e r  s t r a ig h t - l in e  w i n d s  ( 0 .0 2 3 ) .  T h e  r e s u lt s  m e a n  t h a t  t h e  w i n d  
d e s ig n  f o r  th e  c a b le - s t a y e d  b r id g e  s h o u ld  a m p l i f y  t h e  l i f t  f o r c e  w h e n  th e  
b r i d g e  i s  d e s ig n e d  t o  r e s is t  t o r n a d ic  w in d s .
5 )  F o r  t h e  w i n d  e f f e c t s  a c t i n g  o n  t h e  u n i t  le n g t h  F E M  o f  c a b le - s t a y e d  b r id g e  
d e c k ,  t h e  f o r c e  c o e f f i c ie n t  i n  X  d i r e c t io n  i s  v e r y  s m a l l  s in c e  n o  p r e s s u r e  i s  
m a p p e d  o n t o  t h e  s u r f a c e  p e r p e n d ic u la r  to  X  d ir e c t io n .  W h e n  c o m p a r in g  th e  
F y  a n d  F z  o b t a in e d  u n d e r  t o r n a d ic  w i n d s  a n d  t h e ir  e q u iv a le n t  s t r a ig h t - l in e  
w i n d s ,  t h e  p e a k  v a lu e  o f  F y  u n d e r  t o r n a d ic  w i n d s  ( 1 . 9 )  i s  1 .0 8  t im e s  g r e a t e r  
t h a n  t h a t  u n d e r  t h e ir  e q u iv a le n t  s t r a ig h t - l in e  w i n d s  ( 1 .7 5 ) .  A n d  t h e  p e a k  v a l u e  
o f  F z  u n d e r  t o r n a d ic  w i n d s  ( 0 . 3 4 )  i s  7 .5  t im e s  la r g e r  t h a n  t h a t  u n d e r  t h e ir  
e q u iv a le n t  s t r a ig h t - l in e  w i n d s  ( 0 . 0 4 5 ) ,  w h i c h  m e a n s  t h a t  t h e  F E M  e x p e r ie n c e s  
m o r e  u n f a v o r a b le  c o n d i t io n s  u n d e r  t o r n a d ic  w in d s .
T h e  c u r r e n t ly  o b t a in e d  r e s u lt s  a r e  o n l y  b a s e d  o n  t h e  s p e c i f i c  c a b le - s t a y e d  b r id g e  
a n d  t o r n a d ic  w i n d  f ie ld .  I n  t h e  f u t u r e ,  s y s t e m a t ic  s im u la t io n s  w i l l  b e  c o n d u c t e d  to  
in v e s t ig a t e  h o w  t h e  c u r r e n t  t r e n d  w i l l  b e  in f lu e n c e d  w h e n  t h e  d e f o r m a t io n  o f  c a b le - s t a y e d  
b r i d g e  i s  t a k e n  in t o  c o n s id e r a t io n  a n d  t h e  t w o - w a y  c o u p le d  F S I  s im u la t io n  w i l l  b e
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completed. Then, the amplification coefficient can be introduced to modify the wind 
pressure equations in AASHTO and handle more comprehensive situations.
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SECTION
2. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
2.1. SUMMARY
T h e  o b j e c t i v e  o f  t h i s  r e s e a r c h  i s  t o  s i m u l a t e  t o r n a d o - s t r u c t u r e  i n t e r a c t i o n s  a n d  
i n v e s t i g a t e  t o r n a d o - i n d u c e d  w i n d  e f f e c t s  o n  c i v i l  s t r u c t u r e s ,  i n  o r d e r  t o  a d v a n c e  t h e  
c u r r e n t  w i n d  d e s i g n  c o d e s ,  f a c i l i t a t i n g  t h e  t o r n a d o - r e s i s t a n t  d e s i g n  f o r  b u i l d i n g s  a n d  
b r i d g e s .  T h e  o b t a i n e d  r e s e a r c h  f i n d i n g s  p r o v i d e  t h e  i n f o r m a t i o n  n e e d e d  t o  m o d i f y  t h e  
w i n d  p r e s s u r e  e q u a t i o n s  i n  A S C E 7 - 1 6  a n d  A A S H T O .  T o  a c h i e v e  t h i s  r e s e a r c h  o b j e c t i v e ,  
t h e  f o l l o w i n g  r e s e a r c h  h a s  b e e n  c o n d u c t e d .  F i r s t ,  a  r e a l - w o r l d  t o r n a d o  p a s s i n g  a  s i n g l e  
g a b l e - r o o f e d  b u i l d i n g  i s  s i m u l a t e d  b y  u s i n g  C o m p u t a t i o n a l  F l u i d  D y n a m i c s  ( C F D )  
s i m u l a t i o n s ,  w h i c h  s i m u l a t e s  t h e  s i t u a t i o n  w h e n  a  t o r n a d o  s t r i k e s  a  r u r a l  a r e a .  T h e  
t o r n a d o - i n d u c e d  w i n d  e f f e c t s  a c t i n g  o n  t h e  s i n g l e  g a b l e - r o o f e d  b u i l d i n g  a r e  r e v e a l e d .  
S e c o n d ,  t w o  r e a l - w o r l d  c o m m u n i t i e s  a r e  p l a c e d  i n t o  t h e  s i m u l a t e d  t o r n a d i c  w i n d  f i e l d  t o  
s i m u l a t e  t h e  s i t u a t i o n  w h e n  a  t o r n a d o  s t r i k e s  a n  u r b a n  o r  s u b u r b a n  a r e a ,  a n d  t o  e x p l o r e  
t o r n a d o - s t r u c t u r e  i n t e r a c t i o n s .  T h e  i n t e r f e r e n c e  e f f e c t s  o f  s u r r o u n d i n g  b u i l d i n g s  o n  t h e  
t o r n a d i c  w i n d  f i e l d  a r e  d i s c u s s e d ,  a n d  t h e  t o r n a d i c  w i n d  e f f e c t s  o n  t h e  b u i l d i n g  o f  i n t e r e s t  
l o c a t e d  i n  t h e  c o m m u n i t y  a r e  i n v e s t i g a t e d  a n d  c o m p a r e d  w i t h  t h e  t o r n a d i c  w i n d  e f f e c t s  
o n  t h e  s i n g l e  b u i l d i n g  i n  t h e  r u r a l  a r e a .  T h i r d ,  t h e  w i n d  e f f e c t s  o n  t h e  b u i l d i n g  o f  i n t e r e s t  
l o c a t e d  i n  t h e  c o m m u n i t y  u n d e r  e q u i v a l e n t  s t r a i g h t - l i n e  w i n d s  ( t o  t o r n a d i c  w i n d s )  a r e  
i n v e s t i g a t e d  a n d  c o m p a r e d  w i t h  t h o s e  u n d e r  t o r n a d i c  w i n d s .  F o u r t h ,  t h e  i n f l u e n c e  o f  
c h a n g i n g  t h e  a n g l e s  o f  w i n d  a t t a c k  o n  t h e  b u i l d i n g  o f  i n t e r e s t  i s  i n v e s t i g a t e d  a n d
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d i s c u s s e d .  T h e  r e l a t i o n s h i p  b e t w e e n  t h e  w i n d  e f f e c t s  o n  t h e  b u i l d i n g  o f  i n t e r e s t  l o c a t e d  i n  
t h e  c o m m u n i t y  u n d e r  t o r n a d i c  w i n d s  a n d  t h e i r  e q u i v a l e n t  s t r a i g h t - l i n e  w i n d s  i s  d e v e l o p e d  
a n d  t h e  m o d i f i c a t i o n  o f  w i n d  p r e s s u r e  e q u a t i o n s  i n  A S C E 7 - 1 6  i s  p r o p o s e d ,  w h i c h  w i l l  
i n f o r m  t h e  “ S i m p l i f i e d  m e t h o d ”  i n  A S C E 7 - 1 6 .  F i f t h ,  a  r e a l - w o r l d  g i r d e r  b r i d g e  i s  p l a c e d  
i n  t h e  s i m u l a t e d  t o r n a d i c  w i n d  f i e l d .  T h e  t o r n a d o - i n d u c e d  w i n d  e f f e c t s  o n  t h e  g i r d e r  
b r i d g e  a r e  i n v e s t i g a t e d .  S i x t h ,  a  c a b l e - s t a y e d  b r i d g e  i s  i n c l u d e d  i n t o  t h e  s i m u l a t e d  
t o r n a d i c  w i n d  f i e l d .  T h e  t o r n a d o - i n d u c e d  w i n d  e f f e c t s  o n  t h e  c a b l e - s t a y e d  b r i d g e  a r e  
i n v e s t i g a t e d .  I n  a d d i t i o n ,  t h e  p r e s s u r e  m a p p i n g  t e c h n i q u e  i s  a d o p t e d  t o  a p p l y  t h e  o b t a i n e d  
w i n d  e f f e c t s  f r o m  C F D  s i m u l a t i o n  o n  t h e  f i n i t e  e l e m e n t  m o d e l  o f  t h e  c a b l e - s t a y e d  b r i d g e  
a n d  a  s t r u c t u r a l  a n a l y s i s  i s  c a r r i e d  o u t  t o  d e t e r m i n e  t h e  s t r u c t u r a l  r e s p o n s e s  u n d e r  
t o r n a d i c  w i n d s .  F i n a l l y ,  t h e  g i r d e r  b r i d g e  i s  p l a c e d  i n  t h e  e q u i v a l e n t  s t r a i g h t - l i n e  w i n d  
f i e l d  a n d  t h e  w i n d  e f f e c t s  a r e  o b t a i n e d .  T h e  o b t a i n e d  w i n d  e f f e c t s  a r e  c o m p a r e d  w i t h  
t h o s e  o b t a i n e d  u n d e r  t o r n a d i c  w i n d s .  A c c o r d i n g l y ,  t h e  c u r r e n t  w i n d  p r e s s u r e  e q u a t i o n s  i n  
A A S H T O  a r e  m o d i f i e d  b a s e d  o n  t h e  c o m p a r i s o n  i n  t h e  w i n d  e f f e c t s  b e t w e e n  t h e  t w o  
t y p e s  o f  w i n d s .
2.2. CONCLUSIONS
B a s e d  o n  t h e  C F D  s i m u l a t i o n s  c a r r i e d  o u t ,  t h e  f o l l o w i n g  c o n c l u s i o n s  h a v e  b e e n
d r a w n .
W i t h  r e g a r d  t o  t h e  t o r n a d o - i n d u c e d  w i n d  e f f e c t s  o n  t h e  s i n g l e  b u i l d i n g  i n  a  r u r a l  
a r e a  ( T a s k  1 ) ,  t h e  f o l l o w i n g  c o n c l u s i o n s  a r e  d r a w n :
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1 )  T h e  p r e s s u r e  a n d  v e l o c i t y  d i s t r i b u t i o n  p a t t e r n  o f  t h e  r e g u l a r  c i r c u l a r  s t r i p s  i s  
w e l l  m a i n t a i n e d  o n  t h e  h o r i z o n t a l  p l a n e ,  w h i c h  m e a n s  t h a t  t h e  p r e s e n c e  o f  t h e  
s i n g l e  b u i l d i n g  d o e s  n o t  d i s t u r b  t h e  w i n d  f l o w  s i g n i f i c a n t l y .
2 )  T h e  p r e s s u r e  d i s t r i b u t i o n  o n  t h e  s t r u c t u r a l  s u r f a c e  d e p e n d s  u p o n  t h e  r e l a t i v e  
l o c a t i o n  o f  t h e  b u i l d i n g  t o  t h e  t o r n a d i c  w i n d  f i e l d .  W h e n  t h e  c o r e  r a d i u s  o f  t h e  
t o r n a d o  p a s s e s  t h e  b u i l d i n g ,  t h e  w i n d w a r d  w a l l  i s  d o m i n a t e d  b y  p o s i t i v e  
p r e s s u r e ;  W h e n  t h e  c e n t e r  o f  t h e  t o r n a d o  p a s s e s  t h e  b u i l d i n g ,  t h e  s u r f a c e  
p r e s s u r e  o n  a l l  w a l l s  i s  d o m i n a t e d  b y  n e g a t i v e  p r e s s u r e  d u e  t o  t h e  s i g n i f i c a n t  
a t m o s p h e r i c  p r e s s u r e  d r o p  a t  t o r n a d o  c e n t e r .
3 )  T h e  t o t a l  f o r c e  i n  t h e  v e r t i c a l  d i r e c t i o n  ( u p l i f t  f o r c e ,  F z )  i s  m u c h  g r e a t e r  t h a n  
t h e  o t h e r  t w o  h o r i z o n t a l  f o r c e s  ( F x  a n d  F y ) .  F z  r e a c h e s  i t s  m a x i m u m  v a l u e  
w h e n  t h e  t o r n a d o  c e n t e r  p a s s e s  t h e  b u i l d i n g ,  w h i l e  F x  a n d  F z  r e a c h  t h e i r  
r e s p e c t i v e  m a x i m u m  v a l u e s  w h e n  t h e  c o r e  r a d i u s  p a s s e s  t h e  b u i l d i n g .
W i t h  r e g a r d  t o  t h e  t o r n a d o  w i n d  e f f e c t s  o n  t h e  b u i l d i n g  o f  i n t e r e s t  l o c a t e d  i n  a  
c o m m u n i t y  ( T a s k  2 ) ,  t h e  f o l l o w i n g  c o n c l u s i o n s  a r e  d r a w n :
1 )  T h e  p r e s e n c e  o f  a  b i g  c o m m u n i t y  ( i n c l u d i n g  4 9  b u i l d i n g s )  i n f l u e n c e s  t h e  
t o r n a d i c  w i n d  f i e l d  s i g n i f i c a n t l y ,  w i t h  t h e  t y p i c a l ,  c i r c u l a r  p a t t e r n  o f  p r e s s u r e  
o r  v e l o c i t y  d i s t r i b u t i o n  o n  t h e  h o r i z o n t a l  p l a n e  d e s t r o y e d .
2 )  T h e  b u i l d i n g  o f  i n t e r e s t  l o c a t e d  i n  a  c o m m u n i t y  e x p e r i e n c e s  l e s s  w i n d  
l o a d i n g .  T h a t  i s ,  t h e  w i n d  l o a d i n g  o n  a  b u i l d i n g  i n  u r b a n  a r e a s  w i l l  b e  
o v e r e s t i m a t e d  i f  t h e  s u r r o u n d i n g  b u i l d i n g s  a r e  n o t  i n c l u d e d .  T h e  r e s e a r c h  
f i n d i n g s  f r o m  T a s k s  1 a n d  2  w i l l  p r o v i d e  t h e  i n f o r m a t i o n  o n  t h e  e q u a t i o n
m o d i f i c a t i o n  r e l a t e d  t o  t e r r a i n  c o n d i t i o n .
W i t h  r e g a r d  t o  t h e  c o m p a r i s o n  o f  w i n d  e f f e c t s  o n  t h e  b u i l d i n g  o f  i n t e r e s t  ( i n  a  
c o m m u n i t y )  u n d e r  t o r n a d i c  w i n d s  a n d  t h e i r  e q u i v a l e n t  s t r a i g h t - l i n e  w i n d s  ( T a s k  3 ) ,  t h e  
f o l l o w i n g  c o n c l u s i o n s  a r e  d r a w n :
1 )  U n d e r  t o r n a d i c  w i n d s ,  t h e  f o r c e / m o m e n t  c o e f f i c i e n t s  v a r y  s i g n i f i c a n t l y  w h e n  
t h e  t o r n a d o  p a s s e s  t h e  b u i l d i n g .  O n  t h e  c o n t r a r y ,  u n d e r  s t r a i g h t - l i n e  w i n d s ,  t h e  
f o r c e / m o m e n t  c o e f f i c i e n t s  a r e  m o r e  s t a t i o n a r y ,  w i t h  r a n d o m  f l u c t u a t i o n s .
2 )  T h e  b u i l d i n g  e x p e r i e n c e s  m o r e  u n f a v o r a b l e  c o n d i t i o n s  u n d e r  t o r n a d i c  w i n d s  
t h a n  u n d e r  e q u i v a l e n t  s t r a i g h t - l i n e  w i n d s .  T h e  w i n d  l o a d i n g  w i l l  b e  
u n d e r e s t i m a t e d  i f  t h e  c u r r e n t  w i n d  d e s i g n  b a s e d  o n  s t r a i g h t - l i n e  w i n d s  i s  u s e d  
t o  c a l c u l a t e  t h e  t o r n a d o - i n d u c e d  p r e s s u r e .
W i t h  r e g a r d  t o  t h e  m o d i f i c a t i o n  o f  t h e  c u r r e n t  w i n d  p r e s s u r e  e q u a t i o n s  i n  A S C E 7 -  
1 6  ( T a s k  4 ) ,  t h e  f o l l o w i n g  c o n c l u s i o n s  a r e  d r a w n :
1 )  T h e  c h a n g e  o f  w i n d  a t t a c k  a n g l e s  d o e s  n o t  a p p a r e n t l y  a f f e c t  t h e  w i n d  e f f e c t s  
o n  t h e  b u i l d i n g  o f  i n t e r e s t  w h e n  i t  i s  l o c a t e d  i n  a  r e l a t i v e l y  b i g  c o m m u n i t y ,  
d u e  t o  t h e  s p e c i f i c  f l o w  p a t t e r n  o f  t o r n a d i c  w i n d s .
2 )  T h e  c o m p a r i s o n  i n f o r m s  t h e  “ S i m p l i f i e d  M e t h o d ”  f o r  t o r n a d o - r e s i s t a n t  
d e s i g n .  F o r  e n c l o s e d  c o n d i t i o n s  a n d  t h e  m a i n  w i n d  f o r c e  r e s i s t i n g  s y s t e m ,  t h e  
c o e f f i c i e n t  i s  2 . 9 4 ,  w h i c h  i s  h i g h e r  2 . 5  f o r  T e r r a i n  B .  T h e  c u r r e n t  p r e s s u r e  
e q u a t i o n s  i n  A S C E 7 - 1 6  u n d e r e s t i m a t e s  t o r n a d i c  w i n d  l o a d i n g .
W i t h  r e g a r d  t o  t h e  t o r n a d o  w i n d  e f f e c t s  o n  t h e  g i r d e r  b r i d g e  ( T a s k  5 ) ,  t h e  
f o l l o w i n g  c o n c l u s i o n s  a r e  d r a w n :
1 )  T h e  p e a k  v a l u e s  o f  F x  a n d  F y  a r e  g r e a t e r  t h a n  F z ,  w h i c h  i s  d i f f e r e n t  f r o m  
b u i l d i n g s .  P e a k  f o r c e / m o m e n t  c o e f f i c i e n t s  a r e  o b t a i n e d  w h e n  t h e  c o r e  r a d i u s
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o f  t h e  t o r n a d o  p a s s e s  t h e  g i r d e r  b r i d g e .  T h e  L o w e s t  f o r c e / m o m e n t  c o e f f i c i e n t s  
a r e  o b t a i n e d  w h e n  t h e  t o r n a d o  c e n t e r  p a s s e s  t h e  g i r d e r  b r i d g e ,  w h i c h  i s  
d i f f e r e n t  f r o m  t h e  w i n d  e f f e c t s  o n  b u i l d i n g s .  T h i s  i s  b e c a u s e  o f  t h e  d i f f e r e n t  
e n c l o s u r e  c o n d i t i o n s .  F o r  b r i d g e s ,  i t  i s  o p e n  e n c l o s u r e  c o n d i t i o n  a n d  t h e  
p r e s s u r e  a b o v e  a n d  u n d e r  t h e  b r i d g e  i s  a l m o s t  t h e  s a m e ,  l e a d i n g  t o  a  l o w  t o t a l  
f o r c e  i n  t h e  v e r t i c a l  d i r e c t i o n  ( F z ) .
W i t h  r e g a r d  t o  t h e  t o r n a d o  w i n d  e f f e c t s  o n  t h e  c a b l e - s t a y e d  b r i d g e  ( T a s k  6 ) ,  t h e  
f o l l o w i n g  c o n c l u s i o n s  a r e  d r a w n :
1 )  F o r  t h e  p r e s s u r e  d i s t r i b u t i o n  o n  t h e  h o r i z o n t a l  p l a n e  o f  t h e  w i n d  f i e l d ,  r e g u l a r  
c i r c u l a r  s t r i p s  a r e  o b s e r v e d  o u t s i d e  t h e  c o r e  r e g i o n ,  a n d  t h e  p r e s s u r e  
m a g n i t u d e  g r a d u a l l y  d e c r e a s e s  a l o n g  t h e  r a d i u s  f r o m  t h e  o u t e r  r e g i o n  t o  t h e  
t o r n a d o  c e n t e r ,  w h i c h  f o l l o w s  t h e  t y p i c a l  c h a r a c t e r i s t i c s  o f  t o r n a d o e s .  
H o w e v e r ,  s e v e r a l  l o w e r  p r e s s u r e  r e g i o n s  a r e  o b s e r v e d  i n s i d e  t h e  c o r e  r e g i o n ,  
w h i c h  m a y  m e a n  t h a t  t h e  p r e s e n c e  o f  t h e  b r i d g e  b r e a k s  a  s i n g l e  v o r t e x  i n t o  
s e v e r a l  s u b - v o r t i c e s ,  f o r m i n g  a  m u l t i - v o r t e x  t o r n a d o .
2 )  T h e  m a x i m u m  n e g a t i v e  p r e s s u r e  i s  o b s e r v e d  w h e n  t h e  c a b l e - s t a y e d  b r i d g e  
r e a c h e s  t h e  c e n t e r  o f  t h e  t o r n a d o .
3 )  G r e a t  f o r c e / m o m e n t  c o e f f i c i e n t s  a r e  o b s e r v e d  w h e n  t h e  c o r e  r a d i u s  o f  t h e  
t o r n a d o  p a s s e s  t h e  c a b l e - s t a y e d  b r i d g e .  L o w e r  f o r c e / m o m e n t  c o e f f i c i e n t s  a r e  
o b s e r v e d  w h e n  t h e  t o r n a d o  c e n t e r  p a s s e s  t h e  b r i d g e .  M o r e  f l u c t u a t i o n s  a r e  
o b s e r v e d  w h e n  t h e  c o r e  r a d i u s  o f  t h e  t o r n a d o  p a s s e s  t h e  b r i d g e .
W i t h  r e g a r d  t o  t h e  m o d i f i c a t i o n  o f  w i n d  p r e s s u r e  e q u a t i o n s  i n  A A S H T O  ( T a s k  7 ) ,  
t h e  f o l l o w i n g  c o n c l u s i o n s  a r e  d r a w n :
1 )  T h e  l o c a t i o n s  w h e r e  t h e  m a x i m u m  p o s i t i v e / n e g a t i v e  p r e s s u r e  i s  o b t a i n e d  
u n d e r  t o r n a d i c  w i n d s  a r e  d i f f e r e n t  f r o m  t h o s e  u n d e r  e q u i v a l e n t  s t r a i g h t - l i n e  
w i n d s .
2 )  T h e  g i r d e r  b r i d g e  e x p e r i e n c e s  m o r e  u n f a v o r a b l e  c o n d i t i o n s  u n d e r  t o r n a d i c
w i n d s  t h a n  t h a t  u n d e r  e q u i v a l e n t  s t r a i g h t - l i n e  w i n d s .
3 )  “ S i m p l i f i e d  M e t h o d ”  f o r  t h e  t o r n a d o - r e s i s t a n t  d e s i g n  i s  a p p l i e d  t o  m o d i f y  t h e  
w i n d  p r e s s u r e  e q u a t i o n s  b y  a d d i n g  a  c o e f f i c i e n t  t o  a m p l i f y  t h e  v a l u e .  2 . 4 2  i s  
c o n s i d e r e d  a s  t h e  r e a s o n a b l e  c o e f f i c i e n t  t o  m o d i f y  t h e  c u r r e n t  p r e s s u r e  
e q u a t i o n s  i n  A A S H T O .
2.3. RECOMMENDATIONS
B a s e d  o n  t h e  o b j e c t i v e  a n d  s c o p e  o f  w o r k  o f  t h i s  s t u d y ,  t h e  f o l l o w i n g  a s p e c t s  a r e  
r e c o m m e n d e d  f o r  f u t u r e  r e s e a r c h :
1 )  S i m u l a t e  t o r n a d o e s  w i t h  d i f f e r e n t  f l o w  s t r u c t u r e s  ( e . g . ,  m u l t i - v o r t e x  t o r n a d o )  
a n d  t h e i r  e f f e c t s  o n  b u i l d i n g s  i n  r u r a l  a r e a s  a n d  u r b a n  a r e a s .  H e l p  t o  e x p l a i n  t h e  d a m a g e  
p a t t e r n .  S i m u l a t e  m u l t i - v o r t e x  t o r n a d o e s  a n d  s t u d y  t h e  a c t i o n s  o f  t h i s  t y p e  o f  t o r n a d o e s  
o n  c i v i l  s t r u c t u r e s .  T h i s  P h D  s t u d y  i s  m a i n l y  f o c u s e d  o n  s i n g l e - v o r t e x  t o r n a d o e s ,  e i t h e r  
d o u b l e - c e l l e d  o r  s i n g l e - c e l l e d .  S o m e  t o r n a d o e s  m a y  p o s s e s s  m u l t i p l e  v o r t i c e s  f o r  a  
c e r t a i n  p e r i o d ,  a n d  s o m e  t o r n a d o e s  m a y  b r e a k  i n t o  m u l t i - v o r t e x  t o r n a d o e s  d u e  t o  t h e  
p r e s e n c e  o f  o b s t a c l e s  o n  t h e i r  p a t h s .  T h e  p r e s s u r e  a n d  v e l o c i t y  d i s t r i b u t i o n s  i n  a  m u l t i ­
v o r t e x  t o r n a d o  a r e  c o m p l e t e l y  d i f f e r e n t  f r o m  t h o s e  i n  a  s i n g l e - v o r t e x  t o r n a d o .  
A c c o r d i n g l y ,  t h e  f a i l u r e  m e c h a n i s m  o f  c i v i l  s t r u c t u r e s  m a y  b e  d i f f e r e n t .  B y  s i m u l a t i n g
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m u l t i - v o r t e x  t o r n a d o e s ,  i t  m a y  p r o v i d e  t h e  p o t e n t i a l  t o  m a t c h  t h e  d a m a g e  p a t t e r n  w i t h  t h e  
o b s e r v a t i o n  d u r i n g  t h e  p o s t - e v e n t  i n s p e c t i o n .
2 )  C o n s i d e r  b o t h  t h e  i m p a c t  o f  w i n d b o r n e  d e b r i s  ( W B D )  a n d  t h e  w i n d  p r e s s u r e  t o  
r e v e a l  t h e  r e a l  w i n d  e f f e c t s  o f  t o r n a d o e s  o n  c i v i l  s t r u c t u r e s .  T h i s  P h D  s t u d y  i s  f o c u s e d  o n  
e x p l o r i n g  t h e  d i f f e r e n c e  o f  t o r n a d o - i n d u c e d  w i n d  p r e s s u r e  f r o m  t h e  p r e s s u r e  i n d u c e d  b y  
t h e  e q u i v a l e n t  s t r a i g h t - l i n e  w i n d s ,  t h a t  i s ,  w i n d  p r e s s u r e .  T o  r e v e a l  t h e  t r u e  t o r n a d i c  w i n d  
e f f e c t s ,  W B D  s h o u l d  b e  i n c l u d e d  i n  t h e  c o m p u t a t i o n a l  d o m a i n  a n d  t h e i r  i m p a c t  o n  c i v i l  
s t r u c t u r e s  s h o u l d  b e  s t u d i e d .  T h i s  c a n  b e  a c h i e v e d  b y  m u l t i - p h a s e ,  m u l t i - p h y s i c s  
s i m u l a t i o n .
3 )  D e v e l o p  f r a g i l i t y  c u r v e s  o f  c i v i l  s t r u c t u r e s  u n d e r  t o r n a d o e s .  F r a g i l i t y  c u r v e s  o f  
c i v i l  s t r u c t u r e s  w i t h  r e p r e s e n t a t i v e  a r c h e t y p e s  u n d e r  h u r r i c a n e s  h a v e  b e e n  w e l l  
d e v e l o p e d ,  w h i c h  a r e  r e a d y  t o  b e  u s e d  f o r  a s s e s s i n g  t h e  v u l n e r a b i l i t y  o f  c i v i l  s t r u c t u r e s  t o  
h u r r i c a n e s .  H o w e v e r ,  d u e  t o  t h e  l a c k  o f  t o r n a d o  r e s e a r c h ,  f r a g i l i t y  c u r v e s  u n d e r  t o r n a d o e s  
w e r e  r a r e l y  s t u d i e d .  I n  t h e  f u t u r e ,  s y s t e m a t i c  s t u d i e s  a r e  n e e d e d  t o  s t u d y  t h e  f a i l u r e  
p r o b a b i l i t y  o f  c i v i l  s t r u c t u r e s  w i t h  r e p r e s e n t a t i v e  a r c h e t y p e s  u n d e r  d i f f e r e n t  t o r n a d o  
i n t e n s i t i e s .
4 )  D e v e l o p  p r o b a b i l i s t i c  r i s k  m o d e l i n g  o f  t o r n a d o e s  t o  a  s p e c i f i c  r e g i o n .  T o  a s s e s s  
t h e  v u l n e r a b i l i t y  o f  a  r e g i o n  t o  t o r n a d o e s ,  i t  r e q u i r e s  t o  o b t a i n  t h e  p r o b a b i l i s t i c  r i s k  o f  
t o r n a d o e s ,  r e l a t e d  t o  o c c u r r e n c e  f r e q u e n c y  ( o r  m e a n  r e c u r r e n c e  i n t e r v a l / m e a n  r e t u r n  
p e r i o d )  o f  a  c e r t a i n  i n t e n s i t y  o f  t o r n a d o .  T o  d o  t h i s ,  s y n t h e t i c  t o r n a d o  r e c o r d s  o r  
h i s t o r i c a l  t o r n a d o  r e c o r d s  w i l l  b e  n e e d e d  t o  g e n e r a t e  t h e  s t a t i s t i c a l  a n a l y s i s  o f  i m p o r t a n t  
p a r a m e t e r s .  T h e n ,  M o n t e  C a r l o  s i m u l a t i o n s  a n d  s t a t i s t i c a l  a n a l y s e s  w i l l  b e  c a r r i e d  o u t  t o  
p r o d u c e  t h e  o c c u r r e n c e  p r o b a b i l i t y  o f  d i f f e r e n t  i n t e n s i t y  o f  t o r n a d o e s .  T h r o u g h  t h e
c o n v o l u t i o n  o f  t h e  p r o b a b i l i s t i c  r i s k  o f  t o r n a d o e s  a n d  f r a g i l i t y  o f  e a c h  t y p e  o f  c i v i l  
s t r u c t u r e ,  t h e  v u l n e r a b i l i t y  o f  a  c o m m u n i t y  t o  t o r n a d o e s  c a n  b e  a s s e s s e d .
5 )  E f f e c t i v e  m i t i g a t i o n  s t r a t e g i e s  t o  t o r n a d o  d a m a g e  s h o u l d  b e  d e v e l o p e d .
I n d e e d ,  i t  m a y  b e  t o o  e x p e n s i v e  t o  m i t i g a t e  d a m a g e  t o  h i g h - i n t e n s i t y  t o r n a d o e s .
H o w e v e r ,  o n l y  l e s s  t h a n  2 %  o f  t o r n a d o e s  a r e  E F 4 / E F 5 .  T h e  s t a t i s t i c a l  d a t a  s h o w s  t h a t  a l l  
i n t e n s i t i e s  o f  t o r n a d o e s  c a u s e  t h e  s a m e  a m o u n t  o f  p r o p e r t y  l o s s  f o r  a  c e r t a i n  p e r i o d .  T h a t  
i s  t o  s a y ,  a l t h o u g h  l o w - i n t e n s i t y  t o r n a d o e s  c a u s e  l e s s  d a m a g e ,  t h e y  o c c u r  m o r e  o f t e n .  T h e  
a g g r e g a t e d  t o r n a d o - i n d u c e d  l o s s  f o r  a  r e g i o n  f o r  a  c e r t a i n  p e r i o d  u n d e r  l o w - i n t e n s i t y  
t o r n a d o e s  m a y  b e  s i m i l a r  t o  t h e  l o s s  i n d u c e d  b y  r a r e  h i g h - i n t e n s i t y  t o r n a d o e s .  T h e r e f o r e ,  
i t  i s  j u s t i f i e d  t o  d e s i g n  a g a i n s t  l o w - i n t e n s i t y  t o r n a d o e s .  T h r o u g h  t h e  r e c o n n a i s s a n c e  
s u r v e y s ,  t h e  m a j o r  d a m a g e  u n d e r  l o w - i n t e n s i t y  t o r n a d o e s  i s  o n  t h e  r o o f .  I n n o v a t i v e  r o o f s  
t h a t  c a n  r e s i s t  l o w - i n t e n s i t y  t o r n a d o e s  w i l l  b e  v e r y  v a l u a b l e  t o  n a r r o w  t h e  d a m a g e  o n  
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s u p p o r t e d  b y  M i d - A m e r i c a  T r a n s p o r t a t i o n  C e n t e r  ( M A T C ) ,  N a t i o n a l  S c i e n c e  F o u n d a t i o n  
a n d  N O A A / O A R  O f f i c e  o f  W e a t h e r  a n d  A i r  Q u a l i t y .  H i s  m a i n  r e s e a r c h  w o r k  w a s  
f o c u s e d  o n  t o r n a d o - i n d u c e d  w i n d  e f f e c t s  a n d  s t r a i g h t - l i n e  w i n d  e f f e c t s  o n  c i v i l  s t r u c t u r e s ,  
i n c l u d i n g  b u i l d i n g s  a n d  b r i d g e s .  H e  p u b l i s h e d  o n e  j o u r n a l  p a p e r ,  t w o  r e s e a r c h  r e p o r t s  a n d  
h a d  t w o  a d d i t i o n a l  p a p e r s  u n d e r  r e v i e w ,  t h r e e  a d d i t i o n a l  p a p e r s  u n d e r  p r e p a r a t i o n .
I n  J u l y  2 0 2 1 ,  h e  r e c e i v e d  h i s  P h . D .  i n  C i v i l  E n g i n e e r i n g  f r o m  M i s s o u r i  U n i v e r s i t y  
o f  S c i e n c e  a n d  T e c h n o l o g y .
